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1.1 PROBLEM DEFINITION 
Chinese hamster (Cricetulus griseus) ovary cells (CHO) are one of the leading expression 
and production systems in the industry of recombinant protein therapeutics. In the period 
from 2014 to 2018, 84% of all production in the USA and EU was carried out with this 
production system (Walsh, 2018). The first recombinant therapeutic protein, tissue 
plasminogen activator, produced in a mammalian cell line and approved for clinical use, 
was produced in CHO cells in 1987. Moreover, the combination of extensive knowledge of 
the cell line characteristics, human-like glycosylation and ease of genetic modification 
makes them the leading production system in this field (Jayapal et al., 2007).  
The expressed phenotype of cells is not only influenced by the genetic information cells 
carry, but also by epigenetic mechanisms. These add additional layers to gene regulation 
and can influence, whether genetic information written in the genome will actually be 
expressed or not. There are a number of mechanisms, which have long term and short term 
effects on gene expression. In CHO, short term regulation is based on histone 
modifications and long term regulation is influenced by DNA methylation. Histone 
modifications, which change faster due to changes in culturing environment, considerably 
influence cell growth in batch cultures. Long term effects can be a consequence of cell line 
adaptation to different growth conditions which takes place in prolonged cultures 
(e.g. continuous fermentation). DNA methylation alters the transcription profile of cells 
and is inherited with cell divisions. If cells are only kept in prolonged culture under 
constant conditions, only minor changes in DNA methylation can be observed (Feichtinger 
et al., 2016).  
Currently there are many methods available to determine DNA methylation, for example 
HPLC-UV (high performance liquid chromatography-ultraviolet), ELISA based methods, 
bisulfite sequencing, PCR based methods, LC-MS/MS (liquid chromatography coupled 
with tandem mass spectrometry), pyrosequencing and others. Some are more suitable for 
studies for individual regions and others for profiling DNA methylation in the whole 
genome. Which method is more suitable in a research, depends on several factors. 
(Kurdyukov and Bullock, 2016). Still, there is no available robust, suitable for routine use 
and affordable method for profiling global DNA methylation in CHO cells. 
1.2 GOALS OF THE THESIS 
The aim of the thesis was to implement a continuous bioprocess with CHO cells and to 
assess cell adaptation to different dilution rates. Cell phenotypes would be characterized in 
this context by cell growth parameters, such as viable cell concentration, cell viability and 
average cell diameter, consumption of feed and metabolites production rate, global DNA 
methylation and gene transcription to RNA. At the same time, we wanted to establish a 
robust method to quantify global DNA (gDNA) methylation. CHO cells would be treated 
with DNA methylation altering agents, such as resveratrol, 5-aza-2′-deoxycytidine (DAC) 
and transfection with small interfering RNAs (siRNA) that target complementary mRNA 
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for DNA methyltransferases (DNMTs). Using the freshly developed DNA methylation 
method we would also evaluate changes in global DNA methylation, which would be an 
aftereffect of adjustment of cells to changed culture conditions. 
1.3 WORKING HYPOTHESIS 
Due to different constant dilution pressures in a continuous bioprocess we assumed that 
different cell phenotypes would be isolated. Changes in cell phenotype would be seen as 
changed profile of metabolites isolated from the culture, and changes in viable cell 
concentration, cell viability, and cell size. Moreover, changes in global DNA methylation 
and consequently RNA transcription would be observed. In a batch culture, changes in the 
epigenetic level appear mostly due to changes in histone modifications 
(Feichtinger et al., 2016). In a continuous bioprocess, a steady state where not all of the 
macroscopic properties of the system are changing with time, can be achieved 
(Fernandez-de-Cossio-Diaz et al., 2017). Steady states would present steady conditions, 
with which histone modifications could be minimized. If cells in continuous culture are 
exposed to changing conditions, they adapt in long term to the new environment by 
changing their DNA methylation and obtain a steady epigenome. Different culture 
conditions would be different dilution rates in our case. We predict that cells would adapt 
to new culture conditions which would be sen also on the level of epigenetics and changes 
in gDNA methylation would be much more profound than histone modifications. 
The idea how DNA methylation would be determined was based on the detection of DNA 
fragmentation and the use of restriction enzymes, in which their restriction ability is 
influenced by DNA methylation. For that a restriction enzyme pair should be used where 
both enzymes cut the same DNA motif but one enzyme is blocked by DNA methylation 
and the other ones’ activity is not dependent on DNA methylation (HpaII and MspI). The 
purpose of the DNA methylation dependent enzyme (HpaII) is to present the level of DNA 
methylation. If DNA is not methylated, the enzyme will cut DNA. On the other hand, if 
DNA is partially or completely methylated, the enzyme will cut only recognition sites that 
do not have a methyl group added to the cytosine. The methylation independent enzyme 
(MspI) serves as a reference to illustrate a situation in cells that would occur if DNA was 
not methylated. DNA that is previously digested with the enzyme HpaII would be labeled 
with fluorescein-12-dUTP using the recombinant enzyme Terminal Deoxynucleotidyl 
Transferase (rTdT). On molecular level the following would happen: The fluorescein dye 
would be incorporated at the 3-OH DNA ends only where the restriction enzyme formed 
fragments. The intensity of fluorescence measured would correspond to the level of 
fluorescein-12-dUTP incorporated in DNA. 
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2 LITERATURE OVERVIEW 
2.1 PRODUCTION OF RECOMBINANT PROTEINS 
In the production of therapeutic proteins for human use it is important to prevent 
immunogenicity of the used proteins. This is achieved through correct folding and post 
translational modifications (Jayapal et al., 2007). Posttranslational modifications are 
enzymatic modifications that happen after translation, are responsible for mature protein 
products and differ from different organisms. Some of the mechanisms included in these 
modifications are glycosylation, acetylation, acylation, amidation, disulfide bond 
formation, phosphorylation and proteolytic processing (Jensen, 2004). Glycosylation is a 
mechanism of covalently adding carbohydrate molecules (gylcans) to the protein surface 
(Solá and Griebenow, 2010). Glycosylation of recombinant proteins for human use has 
great importance in manufacturing, since it influences biological activity, function and 
antigenicity. Glycosylation of species that are evolutionary most distant from humans 
(bacteria, fungi, yeasts, plants and insects) differ the most from glycosylation mechanisms 
found in humans. For this reason, mammalian cells are mostly used, since they have the 
necessary glycosylation mechanisms. The cell line CHO K1 shares up to 99% homology 
with human glycosylation genes of which 53% are expressed (Xu et al., 2011). From this 
point of view, the leading bacterial productive system, Escherichia coli (E. coli) lacks the 
proper glycosylation, which is the reason for immunogenicity and limits its use in the 
industry of therapeutic proteins in mammals (Brooks, 2004). The downside of bacterial 
cells is also that proteins are not folded properly which makes them aggregate into 
inclusion bodies. This increases the costs due to refolding and also causes possible loss of 
biological activity (Lesley et al., 2002). Several mammalian cell lines are used for 
heterologous protein expression, for example 3T3 (mouse embryonic fibroblast), CHO, 
BHK (baby hamster kidney), HeLa (human cervical cancer), HepG2 (human liver 
hepatocellular cells) (Jayapal et al., 2007), NS0 (mouse myeloma) and Sp2/0 (mouse 
myeloma) (Walsh, 2018). As mentioned in chapter 1.1, CHO is the leading production 
system (Walsh, 2018). The first time when CHO was used as a laboratory model organism, 
was in 1919 (Yerganian, 1985, cit. by Jayapal et al., 2007). In 1957, a cell culture on a 
plate was established by Dr. Theodore T. Pock of the Department of Medicine at the 
University of Colorado (Tjio and Puck, 1958). 
2.2 CHINESE HAMSTER OVARY CELL LINE 
There are already several biologics produced in CHO cell lines and approved by FDA 
(Food and Drug Administration) for human use. The characteristics of CHO cells that 
makes them extensively used is that they are able to grow in suspension culture, are 
adaptable to genetic modifications, can produce proteins compatible and bioactive in 
humans, were proved to be safe for use and can grow to high densities. CHO cell lines 
were improved in area of cellular engineering and culture process development, which, in 
2007, led to establishment of processes with cell cultures growing to 20x106 cells/mL 
densities in fed-batch culture and production of desired proteins in concentrations 3-5 g/L 
(Jayapal et al., 2007). In recent years, a type of perfusion system has been established in a 
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wave bioreactor with tangential flow filtration that has allowed growing CHO cell culture 
to densities of 2.14x108 cells/mL (Clincke et al., 2013).  
The CHO family consists of different cell lines, for example CHO K1, CHO-DG44, 
CHO-DXB11 and CHO-S. Even though they share a common ancestor, they differ in 
phenotypes observed in cell culture which is a consequence of high variability of genomes 
and expression profiles between the mentioned cell lines. The first recombinant therapeutic 
protein produced with mammalian cells was produced using CHO-DXB11 (Wurm, 2013). 
The advantage of this cell line is that it is deficient in the dihydrofolate reductase (DHFR) 
enzyme. DHFR is important in synthesis of amino acids glycine, purine and thymidine, 
which makes them triple auxotrophs. This deficiency is useful in generation of stable 
transfected strains where a functional copy of DHFR is introduced with the desired 
heterologous gene and therefore serves as a selection system that does not require the use 
of antibiotics (Jayapal et al., 2007). CHO-DG44 is also deficient in DHFR enzyme, but its 
advantage to CHO-DXB11 is, that it is a better DHFR-negative host system for gene 
transfer, since DHFR activity in CHO-DXB11 can be reversed (Flintoff et al., 1976, cit. by 
Wurm, 2013). The other selection system is based on the enzyme glutamine synthetase 
(GS). The gene for GS is introduced to the cells with the gene of interest and cells are 
grown on media without glutamine supplement. Cells that successfully incorporated the 
foreign construct can survive on the mentioned media (Matasci et al., 2008). CHO K1 and 
CHO-S cell lines are deficient in GS enzyme and can be used with the GS selection system 
(Wurm, 2013). 
In the last years, genomes of Chinese hamster and CHO K1 cell lines have been sequenced 
(Xu et al.; 2011, Lewis et al., 2013; Yusufi et al.; 2017). Most recently, the genome of 
Chinese hamster from liver tissue has been sequenced using third generation sequencing, 
single molecule real time (SMRT) technology. New sequencing covered 95% of sequence 
gaps from previous studies, which provided higher quality genome (Rupp et al., 2018). 
2.3 BIOPROCESS USING SUSPENSION CELL CULTURES 
If a process is approached from the principles of thermodynamics, material balances come 
into account. A system is always divided from the surroundings by system boundaries. 
If the boundaries do not allow mass to be exchanged with the setting, then the system is 
considered as closed which is in practice a batch bioprocess. In contrast, open system 
allows exchange of mass in and out of the system, which happens in a continuous 
bioprocess (Doran, 2004). 
Batch processes are a system with set constant volume with no input and output of the 
liquid during the process, although for the aerobic bioprocesses a constant flow-in of 
oxygen and flow-out of carbon dioxide is required. The substrate and cells are added at the 
beginning and the product is collected at the end of the process. In a continuous 
bioprocess, a flow is set through the system (Figure 1). The inlet and outlet flow rates are 
kept equal which also keeps constant liquid volume of the bioprocess. There are two 
versions of continuous stirred-tank reactors. In a chemostat, inlet and outlet flow rates are 
equal and the volume is constant. Concentrations in the system are adjusted to the dilution 
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rates (DR) and steady state is achieved. In the second version, turbidostat, also liquid 
volume is kept constant as well as inlet and outlet flow rates, but the later are adjusted to 
keep constant biomass concentration. In this case steady state corresponds to the set 
biomass concentration. Therefore, the turbidostat system requires a complex monitoring 
and control system and is not applicable for large scale. The concentrations and density of 
reactants and products in the feed and exit stream differ. If the vessel is well mixed, then 
the compositions of product stream is the same as the composition in the bioreactor. 
The product is continuously withdrawn from the vessel and ongoing growth of cells 
replaces the ones that are removed from the vessel (Doran, 2004). 
Bench-top bioreactors are the first stage in scale–up of the bioprocess after the culture 
conditions optimization and evaluation of the expression system in a small-scale shaking 
flasks. At this stage culture can be more closely monitored and additional data on larger 
scale bioprocess requirements can be obtained (Doran, 2004). 
 
Figure 1: Shematic presentation of continuous stirred-tank reactor. (F-flow, C-concentration, ρ-density, 
i-inlet, o – outlet) (Doran, 2004). 
Slika 1: Shematski prikaz kontinuirnega reaktorja s premešanjem (F-pretok, C-koncentracija, ρ-gostota, 
i-vhod, o-izhod) (Doran, 2004). 
Steady state in a bioprocess occurs when all properties of a system (temperature, pressure, 
concentration, volume, mass, etc.) do not vary with time. If this definition is taken into 
consideration, then batch, fed-batch or semi-batch bioprocesses cannot be operated under 
steady state conditions. These processes are called transient or unsteady-state processes. 
This is due to changing mass in fed-batch and semi-batch bioprocesses and due to changes 
that occur inside the system in the batch bioprocess. Continuous bioprocess can be a steady 
state process or a transient process. Usually it is kept as close to steady state as possible, 
but also conditions recognized as unsteady-state are observed during the beginning of the 
bioprocess when the cells are in the exponential phase and after operating conditions 
change. The total mass of the system in a batch process does not change during the 
process, but the system properties vary over time due to changes that occur inside the 
system. When a continuous process reaches a steady state, the mass is constantly 
exchanged with the surroundings, but the properties of the system do not vary with time 
(Doran, 2004). 
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2.4 CHO CELL LINE IN CULTURE 
As mentioned before, CHO cell lines have many characteristics that give them advantages 
over other expression systems, which is due to their functional heterogeneity. On the other 
hand, this also obstructs their flexibility due to inherent genetic and phenotypic instability. 
Different phenotypes can be observed that are caused by modified gene copy number, 
transcriptional activity, chromosome rearrangements and gene expression 
(Davies et al., 2013). However, genomic stability is a crucial characteristic of CHO cell 
populations as it affects cell line performance and timelines for cell line and clone 
development (Vcelar et al., 2018). 
Feichtinger et al. (2016) studied changes that appear on the genomic and epigenetic level 
due to changed culture conditions. The parental cell line CHO-K1 grown adherently in 
media supplemented with FCS (fetal calf serum) and glutamine was first grown in 
suspension protein free culture and therefore in a batch culture, prolonged culture, 
glutamine free media and selected for increased transient production (Figure 2). On the 
genomic level changes in small mutations (SNPs and InDel<5bp) and structural variants 
(duplications, deletions, inversions and translocations) were observed. When the original 
cell line was adapted to growth without glutamine, for higher transient production and kept 
in culture for longer period, the cell’s genome changed which corresponded in higher 
number of new small mutations compared to the ones that were lost in the adaptation 
process. From these small mutations, still a large proportion appeared in intergenic and 
intron regions and only a small part of them had a direct effect on protein sequence. 
 
Figure 2: Cell lines analyzed, their relationship and development. K1-ECACC cells grown adherent in FCS 
(FCS) were adapted to protein free suspension growth (PF-MCB) and subsequently cultivated for 6 months 
(PF-6 months). PF-MCB cells were adapted to growth in glutamine free medium (no-Gln). A subclone 
isolated for increased transient productivity was isolated by repeated cell sorting and subcloning (K1/1D9-
MCB). This subclone was also passaged for 3 months and reanalyzed (K1/1D9-3 months) (Feichtinger et al., 
2016). 
Slika 2: Preučevane celične linije, povezave med njimi in razvoj. K1-ECACC adherentne celice gojene v 
FCS (FCS) prilagojene na suzpenzijsko rast brez dodatka proteinov (PF-MCB) in nato gojene v kulturi 6 
mesecev (PF-6 months). PF-MCB so bile prilagojene na rast v mediju brez glutamine (no-Gln). Izoliran 
pod-klon za višjo produktivnost z zaporednim celičnim sortiranjem (K1/1D9-MCB) in nato vzdrževan s 
presajanjem v kulturi 3 mesece (K1/1D9-3 months) (Feichtinger in sod., 2016). 
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Vcelar et al. (2018) studied differences that occurred on karyotype level when cell lines 
(CHO-S, CHO K1 8 mM Gln and CHO K1 0 mM Gln) were kept in prolonged culture for 
6 months. CHO-S cell line expressed the same ploidy as the reference karyotype of 
Chinese hamster, 22, whereas on the other hand, CHO K1 8 mM Gln had lower 
number, 19, and CHO K1 0 mM Gln reduced modal chromosome number to 18. 
Even though they concluded that changes in chromosome number within the population 
occur randomly, this cannot be considered as a characteristic that would indicate higher 
genomic stability. They conclude that genomic and karyotypic variance is high and not 
predictable, which is common for immortalized cell lines and other rapidly dividing cell 
lines grown in vitro culture. Rearrangements are present in all cell lines and are a 
characteristic feature of each population, nevertheless the subject to continuous change. 
These changes may lead to genomic and phenotypic instabilities of cell lines, which 
obstruct cell line performance when it comes to production of proteins (Davies et al., 
2013).  
During a batch culture, cell environment changes to declining availability of nutrients and 
increasing concentrations of cell metabolites to which cells adapt with changing 
transcription of its genes. The methylation pattern of areas with high transcriptional 
activity (high methylation) and highly active promoters (demethylation) remains the same. 
During the change from exponential phase to stationary phase it is more evident in the 
alteration of weaker promoters, which become less methylated, and regions of more active 
chromatin shift to higher levels of methylation (Feichtinger et al., 2016). 
Moreover, Feichtinger et al. (2016) observed moderate changes on epigenetic level when 
cells were adapted to grow without glutamine (Figure 2) and most changes were observed 
for adaptation to higher transient production. The authors suspect that only prolonged time 
in culture under constant conditions without adaptation pressure does not influence DNA 
methylation since DNA methylation patterns are transferred to daughter cells. Altered 
transcriptomes because of changed DNA methylation occur when culture conditions are 
changed. Cell lines adapted to growth without glutamine showed the highest frequency of 
hypomethylated regions and the lowest frequency of hypermethylated regions compared to 
initial cell line. A cell line that was kept in culture for longer period also showed lower 
level of hypermethylated regions and in contrast the cell line with high transient production 
had the highest frequency of hypermethylated regions. These data confirm that DNA 
methylation can change if culture conditions are changed. 
Due to changing conditions during suspension batch culture with CHO cells, dynamics in 
gene expression can be observed, which are accompanied by different expression profiles 
of mRNA and miRNA. Moreover, changes were observed in mRNA expression if 
CHO K1 cell line was grown in media supplemented with 8 mM or 4 mM glutamine 
(Hernández Bort et al., 2012). Moreover, during different phases in batch culture, CHO 
cells change their transcription profile due to changes in DNA methylation, histone 
modifications and noncoding RNA interactions. Different expression profile varies 
between exponential, stationary and decline phase, which is probably due to changing 
environmental conditions in the sense of substrate availability and waste metabolites 
accumulation (Hernandez et al., 2019).   
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Cell regulation that happens on the level of genes and their differential expression and 
translation into proteins, plays an important role in metabolic pathways of cells 
(Likić et al., 2010). In cell culture, controlling the levels of glucose and lactate is the most 
important. Glucose is the main carbon source for mammalian cells and provides 
assessment of energy charge in the culture. Lactate is an indicator for accumulation of 
metabolic byproducts and also shows deterioration of culture environment. Metabolic 
activity of cells can be described with the consumption rate of glucose and the 
accumulation rate of lactate which is proportional to cell density if cellular metabolic 
activity is constant (Ozturk et al., 1997). Metabolic activity changes under changing cell 
environment, which occurs in a batch bioprocess or under changed culture conditions 
(Tsao et al., 2005). Moreover, as an alternative source of energy besides glucose, 
glutamine can be used (Aledo, 2004). 
In cell metabolism, glucose enters the glycolytic pathway, where it is converted into 
pyruvate. Pyruvate then continues its way in cell metabolism through the TCA 
(tricarboxylic acid cycle) where one molecule of pyruvate produces 2 molecules of CO2 
and one molecule of GTP equivalent to ATP. In case of high flux of glucose to pyruvate, 
the coupling between glycolysis and TCA is inefficient which results in conversion of 
pyruvate to lactate and the accumulation of the latter (Hu et al., 1987; Wagner, 1997, cit. 
by Tsao et al., 2005). It was observed that at low concentrations of glucose, lactate levels 
decrease. This indicates that lactate can be used by cells when glucose becomes limiting 
and both glucose and lactate can be considered as a carbon and energy sources (Tsao et al., 
2005). Moreover, when lactate forms, it changes the oxidation state of the cell and in high 
concentrations it has an effect on osmolarity and lowering the pH of the cell medium. 
Increased lactate production has a negative effect on culture performance (Ozturk et al., 
1992). 
Glutamine is an amino acid that is in cells consumed at the highest rate (Eagle, 1995) and it 
is metabolized through a modified form of the TCA cycle (Aledo, 2004). It is important for 
optimal cell growth in culture since it increases cell viability, enhances cell growth and 
also protein production. Although, in vast amounts glutamine induces high production of 
ammonia which has the opposite effect on cell culture (Jeong and Wang, 1995). When 
CHO K1 8 mM cells are grown in media without glutamine, without beforehand 
adaptation, cell viability decreases. If cells go under adaptation to growth without 
glutamine, this improves the cell line and cells have increased life span and an improved 
viability of the cell culture. The adaptation of cells does not increase glucose consumption 
nor does increase lactate secretion. The changes appear in more efficient usage of other 
amino acids present in the culture (Hernández Bort et al, 2010). If cells are not adapted to 
growth without glutamine, the depletion has an effect on cell growth which causes an 
increase in specific consumption of glucose and at the same time lactate production 
decreases (Jeong and Wang, 1995).  
Besides lactate, ammonia is one of the waste products of mammalian cells and can have 
inhibitory or toxic effect on cells. Ammonia is produced mainly during the metabolism of 
amino acids, especially glutamine, which can be added in to the media, to promote cell 
growth. Not all ammonia is derived from the metabolism of glutamine but also from 
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glutamine decomposition, since this molecule is not stable in cell media. It decomposes to 
pyrolidonecarboxylic acid and ammonia. It is seen from different studies that ammonia has 
different effect on growth in different cell lines. This is explained in the way that different 
culture conditions and cell history have different effect how cells will be influenced by 
ammonia. To adapt cells to higher concentrations of ammonia a continuous culture can be 
used (Schneider et al., 1996). As ammonium has negative effects on cell growth, a 
promising approach for lower ammonium production is cultivating cells in media with low 
concentrations of glutamine (Jeong and Wang, 1995). 
2.5 EPIGENETIC REGULATION OF CHO CELLS 
By Wu and Morris (2001), the definition of epigenetics is “the study of changes in gene 
function that are mitotically and/or meiotically heritable and that do not entail change in 
DNA sequence”. Epigenetic mechanisms in general include small RNA-mediated gene 
regulations, histone modifications and DNA methylation (Wippermann and Noll, 2017). 
From these mechanisms, histone modifications can occur faster under changed cell 
environment and can enhance or repress gene expression. On the other hand, DNA 
methylation is more apparent on long term adaptation to different culture conditions. These 
mechanisms differ in influence on gene expression on long term or short term. Short term 
differences can be achieved by culturing cells under changing environmental conditions in 
a batch culture and long term when cells are kept in prolonged cultures with adaptation 
pressure due to changed culture conditions. With these changes new phenotypes can be 
observed (Feichtinger et al., 2016; Hernández Bort et al., 2012). 
2.5.1 DNA methylation and demethylation 
DNA methylation is an epigenetics molecular process where methyl groups are covalently 
added to C5 positions of cytosines, which mostly occurs in the regions of CpG 
dinucleotides (Kurdyukov and Bullock, 2016). Two groups of enzymes are involved in 
DNA methylation. Methyl groups are added to DNA with methyltransferases DNMT1, 
DNMT3A and DNMT3B. The action of these enzymes includes binding with covalent 
bond to the target cytosine, which results with negative charge in C5 atom and the methyl 
group can be added from the donor S-adenosyl methionine (SAM). DNMT1 is involved in 
maintaining methylation patterns during cell division by methylation of hemimethylated 
dsDNA after DNA replication. DNMT3A and DNMT3B both function as de novo 
methyltransferases that establish DNA methylation patterns during gametogenesis and 
early embryogenesis (Jurkowska et al., 2011). The DNMT3 family also includes the 
DNMT3L protein, that is catalytically inactive, but it functions as a co-factor for 
DNMT3A (Hata et al., 2002). DNA is demethylated by the methylcytosine dioxygenase 
family of enzymes, Ten eleven translocation (TET) enzymes that modify the methyl group 
previously added to C5 atom in oxidizing reactions to form 5-hydroxymethylcytosine 
(5hmC) and further to 5-formylcytosine (5fc) and 5-carbocytosine (5caC) (Ito et al., 2011). 
Complete demethylation of 5fC and 5caC cytosines is achieved with Thymine DNA 
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glycosylase (TDG) (Maiti et al., 2011). Reactions of DNA methylation and demethylation 
are shown in Figure 3. 
 
Figure 3: Modification and restoration of cytosine by DNMTs, TET enzymes and TDG-mediated base 
excision repair (Wipperman and Noll, 2017). 
Slika 3: Modifikacije in povrnitev citozina z DNMT (DNA metiltransferaze), TET (deset enajst translokacija) 
encimi in TDG (Timin DNA glikozilaza) – vodeno popravilo z izrezom baze (Wipperman in Noll, 2017). 
The location of CG dinucleotides influences the rate of re-methylation after cell 
replication, which mostly occurred in regions where CpG dinucleotides are clustered 
together, CpG islands. Here some other factors might be involved in modulation of cellular 
methylation efficiency after replication. One of these could be chromatin surrounding 
hypermethylated CpG islands (Hagemann et al., 2011). Involved in non-random 
remethylation at demethylation-resistant CG dinucleotides could be also transcription 
factors or factors with sequence specific binding motifs, like MeCP2 
(methyl CpG binding protein 2), that recruit transcriptional repressor complexes to specific 
loci (Jones et al., 1998). 
2.5.2 DNA methylation and gene expression 
DNA methylation influences gene expression and other aspects of genome function 
without changes in the DNA base sequence (Lister et al., 2009). Promoter regions of genes 
are responsible for transcription of corresponding genes. For transcription to initiate, 
transcription factors and other regulatory units need to bind to promoter regions of genes. 
CpG dinucleotides couple together in promoters in regions called CpG islands. If a CpG 
island becomes methylated, the addition of methyl groups leads to changes in chromatin 
structure that does not allow binding of transcription factors and therefore prevents 
transcription of the gene (Figure 4).  
Unmethylated CpG islands mostly occur in promoters of housekeeping genes, which 
allows normal function of cells. In cancer cells, CpG islands in the promoter regions 
become methylated, which leads to silencing of gene expression and changed cell function. 
This proposes the hypothesis that DNA methylation plays an important role in regulating 
gene expression. Methylated CpGs cause binding of repressor complexes, which modify 
histone structure of the surrounding DNA. Histones are the main protein components of 
chromatin and act as a spindle for folding DNA. When histones are modified by repressor 
complexes this leads to more condensed chromatin structure (heterochromatin) which 
prevents gene transcription (Lim and Maher, 2010). 
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Figure 4: DNA methylation regulating gene expression. (A) The CpG island promoter is unmethylated and 
allows binding of transcription factors, which is required for transcription initiation. (B) The CpG island 
promoter methylation prevents binding of transcription factors and results in gene silencing (Lim and Maher, 
2010). 
Slika 4: Regulacija izražanja genov z metilacijo DNA. (A) CpG otoček promotorja je nemetiliran kar 
omogoča vezavo transkripcijskih faktorjev in vodi do aktivne transkripcije gena. (B) CpG otoček promotorja 
je metiliran kar preprečuje vezavo transkripcijskih faktorjev in vodi v utišanje gena (Lim in Maher, 2010). 
2.5.3 DNA methylation in mammals and CHO cell lines 
DNA methylation influences gene expression during processes such as cell differentiation, 
imprinting or the inactivation of X chromosome, which are important developmental 
processes (Sharp et al., 2011; Renfree et al., 2012). The degree of global DNA methylation 
varies between species, and also between tissues and cell types of the same individual. 
Usually, what can be seen, is that repetitive sequences contain higher levels of methylation 
by 5-methylcytosine (Saze and Kakutani, 2011). In normally functioning cells, the CpG 
methylation protects cells from DNA rearrangement. On the other hand, the promoters of 
tumor suppressor genes (TGS), the CpGs grouped in CpG islands are mostly unmethylated. 
In cancer cells, the genome largely becomes hypomethylated, which leads to expression of 
sequences associated with genomic instability. At the same time, hypermethylation in CpG 
islands and TSGs promoters occurs, which leads to chromatin rearrangements and 
suppression of the TSG and formation of tumors (Robertson, 2005).  
CHO cell lines have 55-65% of CpG islands fully methylated, whereas 15-20% are fully 
demethylated. CHO K1 adapted to grow in media without L-Glutamine supplement has 
20% of CpG islands hypomethylated and 55% hypermethylated. In comparison, CHO K1 
cell line, which requires supplement of L-Glutamine in media, has around 16% 
hypomethylated and around 62% hypermethylated. This indicates that CHO K1 without 
glutamine has lower CpG methylation, which is probably altered with a change in culture 
conditions and it requires expression of more genes that enable survival of the cells under 
minimal conditions (Feichtinger et al., 2016). 
Yang et al. (2010) observed loss in productivity of recombinant monoclonal antibody 
produced in CHO DG44 cell line after 20 passages in culture. Loss was not due to 
impairment of trans-acting factors required for transcription or DNA mutations but due to 
methylation of the hCMV-MIE promoter of the recombinant sequence. The productivity, 
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which was partially restored after treating cells with DNA demethylating agent 
5-Aza-2’-deoxycytidine (Aza). They concluded that transcriptional silencing of the 
hCMV-MIE promoter is associated with DNA methylation under extended cultivation 
times of CHO cell lines. Their findings can be supported by the research of Osterlehner et 
al. (2011) where they also investigated the methylation of hCMV-MIE promoter of 
antibody producing cell lines derived from CHO K1 and CHO DG44 cell lines. 
They identified CpG dinucleotides within the promoter, which displayed high DNA 
methylation linked to production instability. 
2.5.4 Altering DNA methylation 
2.5.4.1 Chemical modifications 
Known inhibitors of DNMTs are azanucleosides 2’-deoxy-5-azacytidine (decitabine, 
DAC) and 5-azacytidine (azacytidine, AZA). They have been approved for treatment of 
myelodysplastic syndrome, a preleukemic bone marrow disorder (Stresemann et al., 
2008b), since it is known that the loss of proliferation control in cancer cells is caused by 
epimutations, which are on epigenetic level visible as global hypomethylation and 
hypermethylation of tumor suppressor genes (Esteller M., 2007). Azacytidine and 
decitabine are nucleoside analogues, which achieve DNA demethylation by incorporating 
into the replicated DNA, where they covalently bind to DNMTs and cause passive DNA 
demethylation during DNA replication and cell division (Schermelleh et al., 2005). 
Hagemann et al. (2011) treated human HCT116 colon carcinoma cells with DAC and 
AZA, which reduced gDNA methylation to 60% and 50% after 24-36 h. Their results show 
that both demethylating agents demethylate CG dinucleotides in non CpG islands more 
efficiently than CG dinucleotides in CpG islands. In addition, in cells with extremely 
reduced levels of DNMT1 and DNMT3B, there was still a portion of CG dinucleotides that 
were not demethylated, which suggests that a total demethylation with these two agents is 
not possible. 
Resveratrol (3,5,4’-trihydroxystilbene) is a natural polyphenol and can be found in variety 
of plants (Langcake and Pryce, 1976). Some of the potential intracellular targets of 
resveratrol have been reported, which modulate biochemical pathways involved in cellular 
processes, such as inflammation, cell metabolism, cell cycle regulation, cell signaling and 
posttranslational modifications (Britton et al., 2015). It has been proven that it has 
pleiotropic activities and it is a promising multi-target anticancer agent, but its specific 
mechanisms of actions remain unclear (Khan et al., 2016). There have been many studies 
evaluating the effect of resveratrol on the translation of DNMTs genes and the activity of 
DNMTs in cancer cell lines. A study on HCC1806, breast cancer cells, showed that 
treatment with resveratrol can decrease the enzymatic activity of DNMTs and reduces the 
mRNA levels of DNMT1, DNMT3A and DNMT3B. Even though they were able to 
confirm the effect of resveratrol on the HCC1806 cell line, at the same time their control 
cells MCF10A, breast epithelial cells, were not affected by resveratrol treatment 
(Kala et al., 2015). The same research group tested the effect of resveratrol on MDS-MB-
157 breast cancer cell line, where they observed a decrease in DNMTs enzymatic activity 
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and 5-methylcytosine levels, which led to significant reduction in DNA methylation 
(Kala et al., 2016). The opposite effect of resveratrol was also observed. A study conducted 
with MCF10CAh and MCF10CA1a human breast cancer cell lines with the same 
concentration of resveratrol (15 µM) as in the study of Kala et al. (2015), showed that 
DNMT3B activity was higher which led to hypermethylation and silencing of their gene of 
interest (MAML2; coactivator of NOTCH signaling pathway) (Lubecka et al., 2016). 
2.5.4.2 RNA based regulation 
One of the mechanisms to regulate gene expression involves 20-30 nucleotides long small 
noncoding RNAs (snRNAs). They regulate genes on several levels: RNA processing, 
chromatine structure, RNA stability, chromosome segregation, transcription and translation 
(Carthew and Sontheimer, 2009). A molecular mechanism for downregulation in which 
snRNAs are involved is the so called RNA interference (RNAi). snRNAs involved in 
RNAi are called short interfering RNAs (siRNAs) and are complementary to messenger 
RNA (mRNA) of target genes. Genes are indirectly downregulated by degradation of the 
double stranded RNA that is formed from its mRNA and the complementary siRNA. 
The mechanism follows the mammalian native mechanism for regulating genes using 
miRNA (micro RNA). miRNA acts as a guide for the “silencing protein complex” to the 
target sequence. If mismatches appear between the mRNA sequence and the snRNA, the 
complex only prevents translation, which is common for the miRNA guided regulation. 
If the sequences are completely complementary, then the cleavage of the mRNA occurs, 
which happens when regulation is under introduced siRNA (Figure 5). The role of RNAi 
by siRNAs is to silence genes in plants and animals that do not have antibody-or cell-
mediated immunity. Therefore, in mammals, during the evolution the system was replaced 
by sequence-independent mechanism interferon response. The RNAi system is still present 
in mammalian cells, and facilitates gene silencing by endogenous miRNA, which can be 
hijacked by synthetic siRNAs (Svoboda, 2014; Mack, 2007). The mechanism has become 
a potential for nucleic acid medicines for the treatment of incurable diseases like cancer 
(Rubin, 2008), where the experimental gene knock-down is carried out by synthetic 
siRNAs or expressed miRNA-like molecules (Svoboda, 2014). Even though that the 
system was thought as a promising was for efficient gene regulation, gene expression 
profiling studies of siRNAs showed possible off-target gene regulation. The introduction of 
siRNA in the cells can cause silencing of non-target genes (Lam and Worsley, 2014). 
Lai et al. (2017) studied the expression of DNMT1 in human lung cancer tissues and lung 
cancer cell lines A549 and H358. Their results show that transfection of cells with 
DNMT1-siRNA could re-activate two important tumor suppressor genes RASSF1A (Ras 
association domain family 1A) and APC (adenomatous polyposis coli) through 
demethylation of their promotors and lead to apoptosis, inhibition of proliferation and 
migration of cancer cells. It has been found that DNMT1-targeted inhibition by siRNA 
induces re-expression of genes, which can lead to inhibition of cell proliferation in cancer 
cells in vitro without DNA damage. In the same study also DAC was tested, which showed 
reduced gDNA methylation, but compared to DNMT1-siRNA showed significant 
DNA damage (Jung et al., 2007). 
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Figure 5: Mammalian RNA silencing pathways miRNA and RNAi and their essential components. During 
miRNA biogenesis, RNase III Dicer cleaves small hairpin precursors (pre-miRNAs) and produces 21–23 nt 
long miRNAs loaded on the RNA-induced silencing complex (RISC). The RNAi pathway shares protein 
components with the miRNA pathway. RNAi employs siRNA produced by Dicer from long dsRNA. The key 
component of RISC are AGO proteins. Mammals have four AGO proteins and only AGO2 is capable of 
endonucleolytic cleavage of cognate RNAs, which is the hallmark of RNAi (Svoboda, 2014). 
Slika 5: Pot utišanja genov pri sesalcih z mikro RNA (miRNA) in pot RNA interference (RNAi) ter glavne 
komponente sistema. Med nastankom miRNA, RNase III Dicer reže krajše lasnične prekurzorje (pre-
miRNA) v 21 – 23 bp dolge miRNA, ki se vežejo na RICS (silazijski kompleks, ang. RNA-induced silencing 
complex). RNAi pot si deli proteinske komplekse z miRNA potjo. RNAi uporabi majhne interfirajoče RNA 
(siRNA), ki nastanejo s proteinom Dicer iz dolgih dvovijačnih RNA (dsRNA). Glavne komponente RISC 
kompleksa so AGO proteini. Sesalci imajo štiri AGO proteine od katerih je le AGO2 sposoben 
endonukleaznega rezanja tarčne RNA, kar je glavna značilnost RNAi (Svoboda, 2014).  
2.6 METHODS TO DETERMINE gDNA METHYLATION 
To choose the correct method for determination of DNA methylation, several factors need 
to be taken into consideration. The methylation profile; quality and the amount of DNA 
available; sensitivity, specificity, robustness and simplicity of the method; availability of 
bioinformatic software for data analysis; the need for specialized equipment and costs. 
In general, the purpose of the methods differs if we are investigating the whole genome 
methylation or the methylation of regions within the genome. If we know the genes we 
want to study, then methods based on bisulphite conversion or digestion of DNA with 
DNA methylation dependent restriction enzymes, which is then followed by amplification 
with PCR (polymorphism chain reaction) sequencing or qPCR (real-time polymerase chain 
reaction) methods. If the genes being investigated are not known, then methylation of 
differently methylated regions can be studied or methylation of the whole genome 
(Kurdyukov and Bullock, 2016). 
For the whole genome methylation profiling several methods are available which differ in 
coverage, sensitivity, specificity, amount of starting material and price (Kurdyukov and 
Bullock, 2016). Bisulphite conversion is considered as gold standard for studying DNA 
methylation of DNA regions and whole genome. It offers single base resolution and it is 
applicable to any sample. Downsides of the method are: it requires complete 
bisulphite conversion, it is time consuming, expensive and labor intensive for whole 
genome analysis. Therefore, for high-throughput DNA methylation analysis, less direct 
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methods are used (Suzuki and Bird, 2008). Extensively used method is HPLC-UV 
(high performance liquid chromatography-ultraviolet). It offers whole coverage of genome, 
but it requires large amounts of sample (3-10 µg), specialized equipment and it has low 
sensitivity. Considering sensitivity, LC-MS/MS (liquid chromatography coupled with 
tandem mass spectrometry) provides better results, since it can detect down to 5% 
difference in methylation between samples. It also requires much smaller amounts of DNA 
(50-100 ng). On the other hand, the same as HPLC-UV, it requires specialized equipment. 
Alternative to the equipment and cost intensive chromatography method are ELISA based 
methods. Currently there are a number of kits available, that are quick and easy to perform 
and most of them require 100 ng of starting material. The down side of this method is that 
it is prone to variability, both intra- and inter-assay, which gives only rough estimates of 
gDNA methylation. The method that combines bisulfite conversion of DNA followed by 
PCR takes under investigation LINE-1 conservative sequences (long interspaces nuclear 
elements-1). Compared to methods mentioned before, it has high sensitivity 
(5% differences in methylation), medium specificity and it requires only 50 ng of DNA. 
The down side of this method is that it covers only 17% of the whole genome for certain 
organisms (Kurdyukov and Bullock, 2016). 
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3 MATERIALS AND METHODS 
3.1 CHO CELL LINES AND CULTURE CONDITIONS 
For all experiments CHO K1 8 mM L-Glu (in the following text CHO 8mM) and 
CHO K1 0 mM L-Glu (in the following text CHO 0mM) cell lines were used. CHO 8mM 
is derived from a CHO K1 adherent cell line with adaptation to grow in suspension in 
chemically defined serum-free media and supplemented with 8mM L-glutamine. 
Furthermore, CHO 8mM was cultured in media with reduced glutamine concentration 
gradually to 0mM concentration to derive CHO 0mM cell line (Hernández Bort et al., 
2010). For general passaging and cell line maintenance, CHO cells were cultured in 10 mL 
media in 50 mL conical TubeSpin Bioreactors with filter screw caps (TPP tubes) 
(TPP techno Plastic Products AG, Switzerland). For CHO 8mM cell line CD CHO media 
(Thermo Fisher Scientific, USA) supplemented with 8 mM L-Glutamine 
(Sigma-Aldrich, USA) and 0.2% Anti Clumping Agent (ACA) (Thermo Fisher Scientific) 
was used. For CHO 0mM, CD CHO media was used with 0.2% (v/v) ACA, but without 
L-Glutamine. The cells were cultured in a shaking incubator (Climo –Shaker ISF4-X, 
Kühner AG, Switzerland) at the following culture conditions: 37 °C, 7% CO2, 
85% humidity and shaking at 250 rpm, 25 mm shaking orbit. Every third or fourth day 
cells were passaged using seeding density of 0.2x106 cells/mL to 10 mL of fresh media. 
3.2 CULTIVATION OF CHO CELLS USING CONTINUOUS CULTURE 
For the continuous fermentation, a bench-top DASGIP system (Eppendorf, Germany) was 
used with the following equipment: bioreactors, DASware software, temperature control 
block, pH and pO2 monitoring module, exhaust analyzing module, temperature and 
agitation control module, multi pump module MP8, gas mixing module and a scale to 
control media flow. Additionally, pH was also measured off-line daily with a pH meter 
(WTW, Xylem, USA) equipped with a pH electrode (Mettler Toledo, USA). The working 
volume of bioreactors was 250 to 700 mL. The bioreactor was a glass stirred tank with an 
axial pitched-blade impeller and static sparging aeration. Both cell lines mentioned before, 
CHO 8mM and CHO 0mM were used for continuous culture. 
3.2.1 Preparation of the bioreactors 
Every fermentation started with the preparation of bioreactors. First probe for pH was 
calibrated, as it was instructed by the DASgip software. Pumps and tubes for media inlet, 
waste outlet and base inlet were also calibrated. When all of the necessary equipment was 
calibrated, the bioreactors with all the probes and tubes were depyrogenized with 0.1 
M NaOH (Merck, USA) overnight with stirring turned on at 80 rpm. The next day all of 
the depyrogenized equipment was washed with reverse osmosis (RO) water and the 
bioreactor was assembled.  
Before autoclaving, the whole system was connected, the tubes closed down with luer lock 
connectors, caps and tightened with cable straps. Each bioreactor had a connection for 
media inlet, waste outlet, inoculation tube, base inlet, air inlet, air outlet and sampling tube. 
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With the whole bioreactor system, also dO2 and pH probes were autoclaved. Glass bottles 
were also prepared for media, waste, base, inoculum and glutamine with filters connected 
to the caps to keep the inlet air sterilized. The bioreactor vessel was filled with 300 mL of 
250 mM KH2PO4. Autoclaving was carried out at 121 °C for 20 minutes.  
After autoclaving the base, 0.5 L of 7.5% NaHCO3 (v/v), was prepared and sterilized with 
vacuum filtration with SteritopTM filter unit (Merck). At the same time, media for the 
fermentation was prepared, only with 0.2% ACA. Glutamine was added to the media at 
inoculation to prevent unnecessary glutamine degradation. The autoclaved vessel with all 
the connections was taken to the laminar, where under sterile conditions, KH2PO4 was 
removed and 300 mL of CD CHO with 0.2% ACA was filled in the vessel.  
When everything was prepared, the bioreactor system was connected with all the necessary 
modules: temperature control block, pH and pO2 monitoring module, exhaust analyzing 
module, temperature and agitation control module, multi pump module and gas mixing 
module. The calibration of dO2 probe was performed, according to the instructions in the 
DASgip software, which had to be performed in the cultivation medium at 37 °C. 
The bioprocess was run at a working volume of 270 mL which was maintained with a 
constant outlet flow. pH of the culture was maintained at 7, with automatic addition of 
7.5% NaHCO3 as base and CO2 as acid. Air flow was in the range of 0.16-1.62 mL/h 
(0.01-0.1 vvm (volume per volume per minute)). The culture temperature was maintained 
at 37 °C and dissolved oxygen at 30%. Stirring speed of the mixer was set at 80 rpm. 
The air flow was kept under 0.1 vvm to prevent intense bubbling and formation of foam 
which could cause cell damage (Catapano et al., 2009). 
3.2.2 Preparing CHO cells for the inoculation 
For each fermentation fresh cells were thawed in 8 mL cold media in 15 mL centrifuge 
tube, centrifuged at 200 g for 8 minutes and re-suspended in 5 mL pre-warmed media. 
Additional 25 mL of pre-warmed media was added and cells were cultured in 125mL 
shaking flask in the shaking incubator at 37 °C, 7% CO2, 85% humidity and 140 rpm, 
25 mm shaking orbit. Cells were passaged every 3rd or 4th day with seeding concentration 
of 0.16x106 cells/mL. In the last passage before the inoculation, cells were passaged in 
100 mL of media in 250 mL shaking flask with the aim to have enough cells for the 
inoculation.  
The inoculation was carried out on the 3rd day of the passage, when the cells were still in 
the exponential phase, and at least two days after the start of workflow, so that we were 
sure that there was no contamination in the system. For CHO 8mM cells with the 
inoculation also 8 mM glutamine was added. Before inoculum and glutamine were added 
in the bioreactor, the calculated volume of inoculum and glutamine was taken out, because 
the end volume had to be 300 mL. The working volume of the continuous process was 
270 mL, but the batch part was started at 300 mL, because samples were also taken during 
the batch part. If the starting volume was not higher, then the volume would drop below 
the minimum working volume which is recommended by the manufacturer. 
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3.2.3 Running the continuous bioprocess and implementation of different dilution 
rates 
Until exponential phase was reached, the fermentation was treated as a batch. When the 
viable cell density (VCD) reached 5-6x106 cells/mL the continuous process was started. 
The maximum DR was set in the first fermentation (CON2) from the calculated growth 
rate. As the basis for the calculation the values for VCD in the exponential phase until cells 
reached the VDC of 6x106 cells/mL were taken. Equation 1 represents the calculation of 
VCD after a certain period. Implying natural logarithm (ln) into the equation 1, it 
transforms to a form of linear function (equation 2). If we form a graph with ln values of 
the VCD on the y axis plotted to the time on x axis we form a trend line with the equation 
where the slope (k) of the linear equation corresponds to the growth rate (µ). Using the 
logarithmic values based on values for concentration and a graph with trend line was 
outlined. The growth rate from the equation represented the maximum DR which we could 
use for our experiment (Figure 6). We took into the account measurement errors and set the 
maximum DR to 0.7 VEX/day (volume exchanges per day). 
 … (1) 
 … (2) 
 
 
Figure 6: Growth rate calculated from Ln values of the viable cell concentration (VCD) [x106 cells/mL] and 
time [days]. The slope of the equation represents the calculated growth rate. 
Slika 6: Stopnja rasti izračunana iz vrednosti  Ln viabilne koncentracije celic (VCD) [x106 celic/mL] v 
odvisnosti od časa [dan]. Konstanta linearne enačbe predstavlja izračunano stopnjo rasti.  
VEX/day presents the amount of media that is exchanged in one day from the total volume 
of the fermentation broth in the bioreactor. In our case the total volume of the fermentation 
broth was 270 mL and the first calculated DR (0.7 VEX/day) corresponded to 189 mL of 
media. In order to maintain the working volume at a constant value, the level tube was set 
to 270 mL. To achieve that, the waste pump was set to pump the fermentation broth out at 
approximately 0.5 mL/L higher speed than the pump for media inlet. In the fermentation 
experiments the cells were kept in a continuous culture under the following DRs: 0.84, 
0.78, 0.7, 0.55, 0.44 and 0.42 VEX/day. To compare behavior of cells at each DR, a steady 
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state needed to be reached. A steady state in a bioprocess is assumed to be reached after 
five working volume exchanges (VEX), as it is also described in Kim et al. (2004) and 
Teich et al. (1999). With each VEX in a bioreactor with constant stirring, 50% of the 
content is exchanged and after 5 VEX, in theory 96.8% of the fermentation broth is 
exchanged. After 5 VEX the process was run at the same DR for two more days, and 
samples were taken to evaluate each steady. The days needed to reach each steady state 
and the flow rates of inlet and outlet pumps for each DR are presented in the Table 1. 
Table 1: Dilution rates used in the continuous fermentation experiment with calculated percentages according 
to the reference dilution rate 0.7 VEX/day, flow rate set for media inlet and waste outlet pumps and days 
needed to achieve five volume exchanges. 
Preglednica 1: Pretoki kontinuirnih kultur z izračunanimi odstotki glede na referenčni pretok 0.7 VEX/dan, 
določenim pretokom vhodne in izhodne črpalke in število dni potrebnih za pet izmenjav volumna 
bioreaktorja. 
Dilution rate [VEX/day] 0.84 0.78 0.7 0.63 0.55 0.44 0.42 
VEX/day [%] 120 110 100 90 80 62.9 60 
Flow rate media [mL/h] 9.45 8.66 7.9 7.1 6.3 5 4.7 
Flow rate waste [mL/h] 10 9.2 8.5 8 7 5.5 5.5 
5 VEX [days] 5.9 6.5 7.1 7.9 8.9 11 11.9 
Table 2 presents the continuous cultures run at the time of the experiment: CON2, CON3, 
CON4, CON6 and CON7. Cell lines used for each run are presented, the duration of the 
culture and the DRs under which cells were cultivated. The media that was pumped in to 
the vessel was stored at the room temperature. To prevent degradation of media 
compounds and glutamine, media was protected from the direct light exposure and 
exchanged every five days. Degradation of glutamine was tested daily from a small aliquot 
of media that was kept under the same conditions (protected from light, room temperature) 
as the media used for the continuous culture. 
Table 2: Fermentations run as continuous bioprocesses with the information about the cell line used, duration 
of the process and dilution rates completed. 
Preglednica 2: Kulture vodene kot kontinuirni bioprocesi in podatki o gojenih celicah, trajanju procesa in 
pretoki pod katerimi so bile gojene kulture.  
Name of the process Cell line  Duration [days] Dilution rates [VEX/day] 
CON2 CHO K1 8mM 64 0.7, 0.56, 0.44 (NC) 
CON3 CHO K1 8mM 42 0.7, 0.42 
CON4 CHO K1 0mM 33 0.7, 0.78, 0.63 (NC) 
CON6 CHO K1 8mM 28 0.84, 0.63  
CON7 CHO K1 8mM 28 0.84, 0.63  
NC- not completed, steady state was not reached/ stabilna faza kulture pod določenim pretokom ni bila dosežena 
3.2.4 Analytical methods 
Sampling of the bioprocess was started with the inoculation of the bioreactor. 
Samples were taken on a daily basis, three times per day. Before every sampling, the 
volume of sampling tube was taken out to avoid sampling errors and to take the 
representative samples of the conditions in the vessel. At each time point VCD, cell 
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viability and average cell diameter (ACD) were measured with a cell counter (ViCell XR, 
Beckman coulter, USA) After the start of the continuous culture, samples to assess 
consumption and accumulation of metabolites in the culture were measured on the 
bioanalyzer system (BioProfile 100 Plus, Nova Biomedical, USA). On daily basis pH was 
also measured off-line with a pH meter (WTW, Xylem) equipped with a pH electrode 
(Mettler Toledo) to account for possible pH drift of the probes inside of the bioreactors. 
Additional samples to analyze amino acid composition in the continuous culture were 
taken twice a day.  As we noticed possible errors made by the bioanalyzer, a reference 
media CD CHO with known concentrations of glutamine, lactate and (NH4)2SO4 was 
prepared weekly, stored at 4°C and a sample measured with every time point. For the 
reference media 22 mM Na-lactate, 5 mM (NH4)2SO4 and 4 mM glutamine was added to 
CD CHO media. Reference media was further diluted with three dilution factors (parts of 
reference media per total parts): 1:1.4, 1:2.5 and 1:10. At each steady state samples were 
also taken twice in two days for RNA and gDNA isolation, as described in chapter 3.5. 
3.2.5 Finishing the bioprocess 
When the fermentation was finished, the fermentation broth was poured into a glass bottle 
and decontaminated at 121 °C for 20 minutes. After autoclaving, the broth was discarded. 
The vessel was filled with 1 M NaOH up to the top and left over the night with stirring on 
at 80 rpm. Tubes were also washed with 1 M NaOH three times, rinsed with RO water and 
left to dry. The next day, the vessel was washed with RO water and left to dry until the 
next use. If the fermentation process was contaminated, the whole vessel with fermentation 
broth was first autoclaved. Then the decontaminated broth was poured away and the vessel 
cleaned with 1 M NaOH and RO water. In this case, filters and tubes were discarded and 
for the next fermentation, new ones were used.   
3.2.6 Bioprocess data analysis 
Measurements of the exponential phase and continuous bioprocess before the steady states 
were reached were used for simultaneous control of the conditions in running cell cultures. 
Calculations for assessment of cell growth and adaptation to changed culture conditions are 
made only for measurements in steady states for each DR. When the cells were in culture 
for 5 VEX, we assumed that the system was in the steady state.  
As it is written in the chapter 3.2.4., the reference media was also measured on the 
bioanalyzer system with the samples from the continuous culture. The aim of the reference 
media was to correct the measurements of glutamine, ammonia and lactate. For each time 
point, calibration curves were made for the mentioned parameters to which the 
measurements of the samples were plotted and the corrected value was read from the 
calibration curve. The reference media was used only to correct the data of the glutamine, 
lactate and ammonia measurements of the time points in steady states. Since CD CHO 
media already contained glutamic acid and glucose, we could not prepare a reference 
media with different dilutions of these metabolites. For that reason, the measurements of 
the glutamic acid and glucose in the bioreactor could not be corrected. The measuring error 
 
Štor J. Phenotypic changes in Chinese hamster ovary (CHO) cells during continuous fermentation.   
    M.Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, Academic Study in Biotechnology, 2019  
21 
 
of the Bioanalyzer for the glutamic acid and glucose in the steady states was corrected by 
calculation of the concentrations in the inlet media. This was needed to be done for more 
accurate calculations of the uptake rates. The rest of the data is presented with raw 
measurements from the Bioanalyzer.  
To compare steady states under different DRs, the uptake rates (UR) for glucose, 
glutamine, glutamic acid (equation 3) and secretion rates (SR) for lactate and ammonia 
were calculated (equation 4). UR and SR were calculated for each TP separately and the 
average of all the rates for each steady state was calculated and the deviation from the 
average calculated as standard error (SE) (equation 5). In the equations 3 and 4, Cmedia is 
the concentration of metabolite in the inlet media [mol/L], CBR concentration of the 
metabolite in the bioreactor [mol/L], DR the dilution rate calculated into L/h for each 
steady state and Cell Nr. is the number if cells at each TP [cell]. The UR and SR were 
calculated in to units fmol/cell*h. 
 … (3) 
 … (4) 
Correlation between changing DR and tested variables (VCD; viability; ACD; UR for 
glutamic acid, glucose and glutamine; SR for ammonium and lactate) was determined by 
linear regression model and calculation of coefficient of determination (R2). 
R2 is interpreted as the fraction of the variation explained by the linear regression module 
and is a measure of the strength of the regression relationship (Yao et al., 2005). 
3.3 TREATING CELLS WITH DNA METHYLATION CHANGING AGENTS 
We treated CHO 8mM cells by transfection with siRNAs that target RNAs for DNMTs 
(Qiagen, Germany) or the chemicals 1 µM DAC (APExBIO, USA) and 10 µM Resveratrol 
(Merck). During the experiments samples for VCD, cell viability and ACD were measured 
using a cell counter (ViCell XR), gDNA isolation (Chapter 3.5), RNA isolation 
(Chapter 3.5), western blot (WeB) and flow cytometry (FC) (Chapter 3.3.2.1) were taken. 
For WeB samples, 5x106 cells/mL were taken, centrifuged at 200 g for 8 minutes, 
supernatant discarded and cells stored at -80 °C. Samples for gDNA, WeB and FC were 
taken to assess the level of gDNA methylation in treated cells. RNA samples were taken to 
assess changed transcription in treated samples and measurements on the cell counter to 
evaluate cell growth. On the sampling day, samples were taken before cells were treated. 
The daily plan of treatment and sampling is presented in Table 3.  
When all the data of the experiments were collected, the averages of the replicates were 
calculated and the SE was calculated for the deviation of each replicate from the average 
value. The SE of the sample mean depends on the standard deviation (SD) and the sample 
size and it is calculated with equation 5.  As the sample size is included in the calculation, 
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the SE decreases when the sample size increases, due to the reduced extent of variation 
(Altman and Bland, 2005). 
Table 3: Daily plan of cells treatment with siRNAs for DNMTs transfection, DAC and resveratrol and a 
sampling plan for cell growth, gDNA isolation, RNA isolation, Western blot (WeB) and flow cytometry (FC) 
samples.  
Preglednica 3: Dnevni načrt tretiranja celic z DAC in resveratrolom ter transfekcije z siRNA specifičnimi za 
DNMT in načrt vzorčenja vzorcev za določitev celične rasti, izolacije DNA in RNA, prenos po westernu 
(WeB) in pretočno citometrijo (FC).  
 Day 
0 1 2 3 4 5 6 7 8 9 10 11 12 
Transfection x    x    x     










 V/cell no. 
ViCell 0,6 mL *** *** *** *** *** *** *** *** * * * * * 
gDNA 1x106  ** *** *** ***   ** *    * 
WeB 5x106     ***   ** *    * 
RNA 1x106  ** *** *** ***   ** *    * 
FC 1x106  ** *** *** ***   ** *    * 
* indicates samples taken from cells treated with DAC / prikazuje vzorčenje kultur tretiranih z DAC 
* indicates samples taken from cells treated with resveratrol / prikazuje vzorčenje kultur tretiranih z resveratrolom 
* indicates samples taken from cells transfected with DNMTs siRNAs / prikazuje vzorčenje transfektiranih kultur 
 … (5) 
To test if the collected data of the experiments were statistically significant, two statistical 
tests were used using the Microsoft Excel™. A “F-test” (F-Test Two-Samples for 
Variances) was used to compare the variances of the compared groups of samples where 
we always stated for the null hypothesis that the variances are equal. If the null hypothesis 
was supported, then the statistical T-test for equal variances (t-Test: Two-Sample 
Assuming Equal Variances) was used. If the null hypothesis of the Statistical F-test was 
rejected, then the T-test for unequal variances (t-Test: Two-Sample Assuming Unequal 
Variances) was used. The Statistical T-tests were used to confirm the statistical 
significance of the difference of samples averages. The null hypothesis in the T-tests was, 
that treatment of the cells did not have an effect on the dependent variables and 
H0: µtreated = µcontrol was assumed. For all of the statistical analysis a p-value of 0.05 was 
used. 
3.3.1 Transfection of CHO cells with DNMTs siRNAs 
For transfection CHO 8mM cells, cultured in corresponding media (chapter 3.1), were 
used. Cells were freshly thawed in 10 mL of media in a TPP tube and passaged after 4 days 
with a concentration of 2x106 cells/mL in 30 mL of media in a cell culture flask (125 mL), 
passaged again after 3 days with a concentration of 2x106 cells/mL in 50 mL media in a 
cell culture flask (125 mL) and transfected after 4 days of the last passage. siRNAs were 
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designed to target mRNA from DNMT1 and DNMT3a genes. For each mRNA group, 
three siRNAs with different targets were designed (Table 4). Three controls were used in 
this experiment. To confirm that none of the reagents and transfection procedure 
influenced the cell growth, siRNA_Mock control was used, which was treated identically 
as the investigated samples in the absence of siRNAs. To confirm that the transfection 
procedure was successful, the AllStars Mm/Rn Cell Death Control siRNA (Qiagen) 
(siRNA_Death) was used, which are siRNAs complementary to mRNAs which 
degradation causes cell death. The last control samples were triplicates transfected with 
siRNAs that do not have any targets in the CHO 8mM cell line, AllStars Negative Control 
siRNA (Qiagen) (siRNA_neg), thus confirming that the introduction of foreign small 
RNAs itself does not affect cells.  
Table 4: Sequences of siRNAs used for transfection of CHO 8mM cells. 
Preglednica 4: Sekvence siRNA uporablje za transfekcije CHO 8mM celic. 







For transfections the Neon Transfection system (Thermo Fisher Scientific) was used. 
Before the transfection, cells were measured on the cell counter (ViCell XR) and the 
required amount of cells was centrifuged in a 1.5 mL screw cap micro tube 
(Sarstedt, Germany) at 200 g for 8 minutes and the supernatant was removed. 
For one transfection 5.0x106 cells and 0.25 nmol of each siRNA was mixed in Buffer R to 
a final volume of 100 µL. Due to pipetting errors 10% were added to all volumes. 
For the first transfection we needed 13.25x106 cells for each sample, and because of the 
limit of cells per transfection mentioned above, three transfections were needed for each 
sample. For the second and the third transfection only 5.5x106 cells were needed, for which 
one transfection was sufficient. Higher amount of cells in the first transfection was due to 
need for higher sampling volumes for the DAC and Resveratrol experiments, where we 
needed enough volume for 6 sampling days. As the experiments were done in parallel, the 
same volumes were used for all three experiments, to obtain comparability.  
Before transfection, media (50 mL for the first transfection and 20 mL for the second and 
the third transfection) was distributed in 125 mL shaking flasks and incubated at 37 °C and 
7% CO2 to minimize the stress on cells after the transfection. Before the transfection, 3 mL 
of Electrolytic Buffer E2 was added to Neon tube and was used up to three times when the 
same samples were used. At once, 100 µL of transfection mix was transfected at a time 
using following settings: 1700 V for 20 ms and 1 pulse. After the successful transfection 
the transfection mix was transferred in to pre-warmed media and transfection repeated two 
times. Transfected cells were incubated in a static incubator (HERA Cell 150i, Thermo 
Fisher Scientific) at 37 °C and 7% CO2 for 2 hours after transfection. After incubation, 
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samples were transferred to the shaking incubator (Climo–Shaker ISF4-X) and VCD was 
measured on the cell counter (Vicell XR) after 30 minutes, which represented the first time 
point. Cells were cultured at 37 °C, 7% CO2, 85% humidity and 140 rpm, 25 mm shaking 
orbit. Samples were taken daily from days 1 to 4 and then on days 8 and 12 as presented in 
Table 3. 
3.3.2 Treating cells with 5-aza-2'-deoxycytidine (DAC) and Resveratrol 
CHO 8mM cells were treated daily in triplicates with 1 µM DAC diluted in NFW with a 
concentration of 10 mM or 10 µM Resveratrol diluted in a 70 mM DMSO (Merck) 
solution. Cells were cultured in 125 mL shaking flasks in 50 mL media with the starting 
concentration 2.0x106 cells/mL. Negative controls for DAC experiment were triplicates of 
cells cultured under the same conditions without added DAC. The same volume of DMSO 
was added to the triplicates for Resveratrol negative controls. Samples were taken as 
described in the Table 3. Due to low VCD at day 1 for cells treated with resveratrol, 
samples were not taken on this day. 
3.3.2.1 Intracellular staining of methylated DNA 
For flow cytometry, methylation of gDNA was detected with two antibodies. 
Primary 5-Methylcytosine monoclonal antibody (Epigentek, USA) was used for detection 
of methyl groups bound to DNA and secondary goat Anti-Mouse IgG 
(whole molecule)-FITC (Fluorescein-5-isothiocyanate) (Sigma-Aldrich) antibody for the 
visualization. The protocol was adapted form Çelik-Uzuner et al. (2017). From each 
sample 1x106 cells/mL were taken and centrifuged for 5 minutes at room temperature and 
200 g. The same settings were used for later centrifugation steps. Supernatant was 
discarded, cells washed with 1 mL PBS-WB (1xPBS (w/o Mg and Ca), 0.1% Tween-20, 
1% BSA), centrifuged and re-suspended in 1 mL 70% Ethanol cooled to 4 °C, which was 
added to cells drop by drop under constant vortexing. Fixed cells were stored at 4 °C until 
proceeding to the next steps. 
Staining of the cells with antibodies and measuring of fluorescence was performed on the 
same day. Fixed cells were centrifuged, washed with 1 mL of the buffer PBS-TP 
(1xPBS (w/o Mg and Ca), 0.05% Triton X-100, 1% BSA) and again centrifuged. Then 
0.2 mL HCl (2 N) was added and incubated for 30 minutes at room temperature. After the 
incubation, 4 mL of Phosphate buffer were added and incubation prolonged for 10 minutes 
at room temperature. Two centrifugation and washing steps followed with 1 mL PBS-TP 
and cells were incubated for 1 hour at 37°C in the last washing step. In the first staining 
step 200 µL of diluted primary antibodies in PBS-TP was added and incubated at 37 °C for 
1 hour. Unbound antibodies were washed away two times with 1 mL PBS-TP. 
For the second dyeing 200 µL of diluted secondary antibodies in PBS-TP at 37°C for 
30 minutes in dark and then unbound antibodies were washed away with one step of 
washing with 1 mL of PBS-TP. Samples for three different treatments were stained 
separately and in each staining protocol different dilutions of primary and secondary 
antibody were used to determine the most suitable amount (Table 5).  
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Table 5: Different dilutions of primary and secondary antibody used for flow cytometry. 
Preglednica 5: Redčitve primarnih in sekundarnih protiteles uporabljenih pri pretočni citometriji. 
Sample Dilution of primary antibody Dilution of secondary antibody 
DAC treatment 1:2000 1:400 
Resveratrol treatment 1:2000 1:200 
siRNA transfection 1:500 1:400 
In the last step cells were re-suspended in 250 µL PBS-WB with 1:100 diluted DAPI 
(4′,6-diamidino-2-phenylindole) (Thermo Fisher Scientific). Samples were transferred to 
96-well black plate with flat bottom (NuncTM F96 MicroWellTM Black Polystyrene Plate, 
Thermo Fisher Scientific) and fluorescence was measured using a flow cytometer 
(Beckman coulter). A black plate was used to protect the antibodies, labeled with FITC, 
from bleaching. Excitation and emission wavelengths for FITC are 495/519 nm and for 
DAPI 358/461 nm. To measure fluorescence of FITC, the 488 nm laser was used and the 
525/40 bandpass filter with the detection range 505-545 nm. For DAPI, the 405 nm laser 
and 450/50 bandpass filter with the detection range 424-475 nm were used. Data were 
evaluated using CytExpert (Beckman coulter). 
3.4 PREPARATION OF PLASMIDS pUC19 AND pEPO-Fc 
pUC19 cloning vector (New England Biolabs, USA) was transformed to NEB® 5-alpha 
Competent E. coli (High Efficiency) (New England Biolabs) bacterial cells by heat shock 
at 42 °C for 60 seconds in a heat block (Thermo Fisher Scientific). Transformed cells were 
cultured on LB agar media with 100 µg/mL of the antibiotic ampicillin (LB+Amp) and for 
plasmid isolation transformed culture was cultured for 14 h in 50 mL falcon conical 
centrifuge tube (Thermo Fisher Scientific) with 10 mL LB+Amp media in a shaking 
incubator (Climo–Shaker ISF4-X) at 37° C and 180 rpm. The plasmid was isolated using 
ZymoPURE Plasmid Miniprep or Midiprep (ZYMO Research, USA) kit and eluted with 
100 µL of nuclease free water (NFW). The concentration and purity (A260/280 and A260/230) 
of isolated pUC19 was measured on the spectrophotometer (NanoDropTM One UV-Vis 
Spectrophotometer, Thermo Fisher Scientific). The pEPO-Fc plasmid was previously 
cloned in our laboratory from pTagBFP-C (Evrogen, Russia) and EPO-Fc gene. Plasmids 
maps are presented in Annex A. 
3.5 GLOBAL DNA AND RNA ISOLATION 
Global DNA (gDNA) was isolated using DNeasy Blood & Tissue Kit (Qiagen) according 
to the manufacturer’s instructions. Before each isolation, VCD was measured with the cell 
counter (ViCell XR) and a volume corresponding to 4.5x106 cells was taken for further 
isolation. In the last step, gDNA was eluted from the column first with 100 µL NFW and 
then eluted for the second time with 50 µL NFW for better yield. The final gDNA 
concentration and quality was measured on spectrophotometer (NanoDropTM One UV-Vis 
Spectrophotometer). 
 
Štor J. Phenotypic changes in Chinese hamster ovary (CHO) cells during continuous fermentation.   
    M.Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, Academic Study in Biotechnology, 2019  
26 
 
For RNA isolation 1x106 cells/mL were taken from cell culture and centrifuged for 
8 minutes at 200 g. Cell pellets were taken into the fuming hood previously wiped with 
RNAseZap (Invitrogen, USA). Supernatant was removed and pellet re-suspended in 
600 µL of TRI reagent (Molecular Research Center, lnc., USA). The suspension was 
thoroughly mixed by vortexing, incubated for 5 minutes at room temperature, vortexed 
again and stored in a freezer at -80 °C until RNA was isolated from the lysis solution. 
3.6 DETERMINING THE LEVEL OF DNA METHYLATION 
The protocol for each sample was performed according to Figure 7. First, DNA was 
isolated with DNeasy Blood & Tissue Kit (chapter 3.5), DNA digested with HpaII enzyme 
(chapter 3.6.2) and purified with Genomic DNA Clean & Concentrator -10 
(ZYMO Research) kit. Digested DNA was then labeled with fluorescein-12-dUTP and 
enzyme rTdT from the DeadEndTM Fluorometric TUNEL System (Promega, USA) kit 
(TUNEL kit). Unbound fluorescent dye was removed by purifying samples with Genomic 
DNA Clean & Concentrator -10 kit. The fluorescence intensity was measured on a 
fluorescence reader (Infinite 220 PRO, Tecan Trading AG, Switzerland). 
 
Figure 7: Graphic display of the protocol to determine the level of DNA methylation using the TUNEL kit. 
Slika 7: Grafični prikaz poteka protokola za določevanje nivoja metilacije DNA z uporabo TUNEL kita. 
3.6.1 In vitro methylation of gDNA and plasmids pCU19 and pEPO-Fc 
To quantitatively assess DNA methylation, DNA with known percentages of methylation 
needed to be included in the experiments. Plasmids and gDNA were methylated using CpG 
Methyltransferase (M.SssI) (New England Biolabs). The reaction mixture contained 
1X NEBuffer 2, 160 µM S-adenosylmethionine (SAM), 4 U of M.SssI/1 g of gDNA or 
plasmid and NFW to 20 µL. If more DNA needed to be methylated, the amounts were 
adapted to the required amount of DNA. Due to instability of SAM in the NFW, a fresh 
stock solution with 1600 µM concentration was prepared before every reaction. 
The methylation reaction was carried out with a heat block (Thermo Fisher Scientific) 
under following conditions: 37 °C for 1 hour and 65 °C for 20 minutes for inactivation of 
the M.SssI enzyme.  
After enzymatic reaction the gDNA and plasmids were purified using the Genomic DNA 
Clean & Concentrator -10 or -25 kits depending on the amount of gDNA and plasmids 
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used in the reaction. The -10 kit has a binding capacity of 10 µg and -25 kit has the 
capacity to bind 25 µg. It was performed according to the instructions of the manufacturer. 
The ratio used between the sample and binding buffer from the kit was 1:5 and sample was 
eluted from the binding column with 20 µL of NFW for -10 kit and with 50 µL for -25 kit. 
After the purification step, DNA concentration and quality were measured on a 
spectrophotometer (NanoDropTM One UV-Vis Spectrophotometer). 
3.6.2 Digestion of DNA with restriction enzymes 
For enzymatic digestion of gDNA and plasmids, restriction enzymes listed in Table 6 were 
used. Enzymes HpaII and MspI were the restriction enzyme pair that was used in the 
TUNEL kit to determine the level of DNA methylation. Two different MspI enzymes were 
used due to observed malfunction in the restriction activity of the MspI_T (described in 
Chapter 4.3.2). The enzymes DrdI and PscI were used to confirm that the plasmid isolated 
from E. coli was pUC19. 
Table 6: Restriction enzymes used in experiments. 
Preglednica 6: Restrikcijski encimi uporabljeni v eksperimentih.  
Enzyme (name 
in the text) 
Restriction site CgG methyl. 
dependent 
Inactivation Manufacturer 
MspI (MspI_N) 5’…C/CGG…3’    
3’…GGC/C…5’ 
No effect Chemical* New England 
Biolabs 
MspI (MspI_T) 5’…C/CGG…3’    
3’…GGC/C…5’ 
No effect Chemical* Thermo Fisher 
Scientific, FD** 
HpaII 5’…C/CGG…3’     
3’…GGC/C…5’ 






65°C for 5” New England 
Biolabs 
PcsI 5’…A/CATGT…3’  
3’…TGTAC/A…5’ 
No effect 65°C for 20” Thermo Fisher 
Scientific, Tango  
* Phenol/chloroform extraction and ethanol (EtOH) precipitation / fenol/kloroformna ekstrakcija in precipitacija z 
etanolom 
** Fast Digest enzymes / Fast Digest encimi 
*** Blocked by some combinations of overlapping / blokirana aktivnost v določenih primerih prekrivanja 
The reaction mixtures are presented in the Table 7. Volumes of reagents were adjusted to 
the concentration of DNA used and to the total volume of reaction. According to the 
manufacturer, Thermo Fisher Scientific, the digestion length for Fast Digest enzymes was 
5 minutes at 37 °C. Longer digestion lengths were tested for HpaII and MspI enzymes (5 
minutes, 60 minutes and overnight digestion). For MspI_N, DrdI and PscI enzymes, the 
digestion length was 1 hour at 37 °C. Because MspI_T and MspI_N cannot be thermally 
inactivated, the inactivation step was skipped and gDNA purification with the Genomic 
DNA Clean & Concentrator -10 kit followed right after the digestion, for all restriction 
enzymes. The ratio between sample and binding buffer was 1:5 and sample was eluted 
from the column with 10 µL of NFW. For each digestion, the negative control was also 
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used, which was restriction mixture with the enzyme replaced by the same volume of 
NFW.  
Table 7: Reaction mix for gDNA digestion with Thermo Fisher Scientific (Fast Digest and Tango) and New 
England Biolabs restriction enzymes. 
Preglednica 7: Reakcijske mešanice za reakcije fragmentacije gDNA z restrikcijskimi encimi proizvajalcev 
Thermo Fisher Scientific (Fast Digest in Tango) in New England Biolabs. 
Reagent 
Volume in the reaction [µL] 
Thermo Fisher 
Scientific –Fast Digest 
New England Biolabs Thermo Fisher 
Scientific –Tango 
10X Restriction Buffer 2 5 2 
Restriction enzyme 1 ** 1 (10 U) 2 ** 
NFW 15* 40* 15* 
DNA 2* (up to 1 µg) 1* µg (up to 1 µg) 1* (up to 1 µg) 
Total 20 50 20 
*volumes of NFW and DNA were adjusted to the concentration of DNA; ** units not provided by the manufacturer.  
*volumni NFW in DNA so bili prilagojeni koncentraciji DNA, **enote niso poznane s strani proizvajalcev. 
Digestion with restriction enzymes was first confirmed with agarose gel electrophoresis. 
For this 1% or 1.2% agarose gels were prepared, depending on the expected sizes of the 
fragments formed with the enzymatic reactions. Agarose powder was mixed with 
1x TAE buffer in RO water and for visualization of DNA, 5 µL Midori Green Advance 
DNA dye (Genetics, Germany) was added. Before digested samples were loaded on the 
gel, a volume corresponding to 200 ng was mixed with 5 µL of the loading buffer 
(Thermo Fisher Scientific). Moreover, 3 µL of two DNA ladders were loaded onto the gel, 
GeneRuler 100bp and 1kb DNA Ladder (Thermo Fisher Scientific). Electrophoresis was 
run for 1 to 2 hours, depending on the number of fragments expected and the length of the 
gel, at 100-110 V. 
3.6.3 Testing protocols for DNA methylation and enzymatic reactions 
Due to observed possible errors in DNA methylation and enzymatic digestion for gDNA 
and pUC19, different reaction conditions were also tested for DNA methylation on plasmid 
pEPO-Fc. Three different methylation reactions (Table 8) were tested at the same time. 
The first reaction (M1) was the same as described in chapter 3.6.1. The second reaction 
(M2) had a longer 37°C incubation, 120 minutes with an additional purification with 
Genomic DNA Clean & Concentrator -25 at 60 minutes. The third reaction (M3) had the 
longest 37 °C incubation at 180 minutes. The inactivation step at 65°C for 20 minutes and 
also concentrations of reagents and DNA were the same for all 3 reactions (described in 
chapter 3.6.1). To test the influence of different DNA methylation reactions the pEPO-Fc 
was digested with MspI_N, Msp-T and HpaII.  Two incubations at 37°C were tested here 
as well, first for 5 minutes as instructed by the manufacturer and the second for 60 minutes. 
After the digestion, DNA purification followed with Genomic DNA Clean & Concentrator 
-10 kit (ZYMO Research). The successfulness of reactions was visualized with agarose gel 
electrophoresis. A 1.2% agarose gel was prepared with Midori Green Advance DNA dye 
(Genetics). From each sample 10 µL, with the concentration 20 ng/µL, was mixed with 
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5 µL of loading dye and loaded on the agarose gel. Gel electrophoresis was run for 1 hour 
at 110V.  
Activity of MspI_T enzyme was also tested with the plasmid pUC19. The plasmid was 
methylated using the M1 methylation reaction settings. Non-methylated and methylated 
pUC19 was digested over night with MspI_T and PscI restriction enzymes, for 60 minutes 
only with MspI_T and for 5 minutes with MspI_T and HpaII. Samples were purified using 
the Genomic DNA Clean & Concentrator -10 kit and visualized with agarose gel 
electrophoresis (100V, 1h). 
Table 8: Different protocols tested for DNA in vitro methylation reaction. 
Preglednica 8: Preizkušeni različni protokoli reakcije in vitro metilacije DNA. 
Steps 
DNA methylation protocol 
M1 M2 M3 
Length 37°C incubation [min] 60 120 180 
Additional purification step No Yes, after 60” No 
3.6.4 Staining DNA fragments with DNA fluorescent dye fluorescein-12-dUTP 
To determine the level of DNA methylation in the samples of interest the TUNEL was 
used. Since the kit is not originally meant for labeling isolated DNA, the protocol had to be 
adapted. From the kit the following reagents were used. Nucleotide mix 
(contains fluorescein-12-dUTP) was used as fluorescent dye for DNA, enzyme rTdT to 
label DNA with fluorescein-12-dUTP and Equilibration buffer (EB) for required reaction 
conditions. First, a master mix with nucleotide mix and EB was prepared and distributed to 
the samples. For all the samples 500 ng of DNA was used and the volume of all samples 
was adjusted with NFW to the same volume. Then rTdT was added and the staining 
reaction followed for 60 minutes at 37 °C. After the reaction, samples were purified with 
Genomic DNA Clean & Concentrator -10 kit, eluted from the column with 50 µL of NFW 
and transferred to a 96-well black plate with flat bottom (NuncTM F96 MicroWellTM Black 
Polystyrene Plate). Fluorescence of the bound fluorescein-12-dUTP was measured using a 
fluorescence reader (Infinite 220 PRO) at 488/525 nm, additional settings are written in the 
Annex B1. In every experiment, a control which did not contain DNA was added and it 
served to see how much unbound molecules of fluorescein-12-dUTP remain in samples 
after the last purification step. For all of the steps from the addition of the 
fluorescein-12-dUTP to the samples, until the measurement of the fluorescence, the 
samples were protected from light, to prevent bleaching of the fluorescent dye. 
At the first tries of the protocol, the amount of reagents per sample was as described in the 
TUNEL original protocol and the staining reaction was terminated with the addition of 
1 mL of 20 mM EDTA pH 8. The protocol was tested and optimized. For the later 
experiments only half of the recommended volume of the reagents was used and EDTA 
was not used to terminate the enzymatic reaction. Samples needed to be purified to remove 
unbound fluorescein-12-dUTP and with this the reaction was stopped, making EDTA 
treatment unnecessary (Table 9). 
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Table 9: Reaction mix for labeling DNA with fluorescein-12-dUTP before and after the optimization of the 
protocol. 
Preglednica 9: Reakcijske mešanice za reakcije označevanja DNA z barvilom fluorescein-12-dUTP pred in 
po optimizaciji protokola. 
Reagent 
Volume [µL] 
Before the optimization After the optimization 
Equilibration Buffer 45 22,5 
Nucleotide Mix 5 2,5 
Enzyme rTdT 1 0,5 
gDNA 500 ng 500 ng 
NFW up to 55 up to 30 
Different samples were included in the experiments, for which we knew that have different 
levels of methylation. For the first experiment, gDNA isolated from CHO 8mM was 
included, which was not digested with restriction enzymes, digested with HpaII_T and 
MspI_T. All of the samples were tested in replicates. Digestion was performed according 
to the protocol written in the Table 7 and labeled with fluorescein-12-dUTP according to 
the Table 9 (before optimization). The experiment was repeated with the same starting 
material to test whether intra assay deviation.  
In the second experiment we tested whether we could observe the difference in gDNA 
methylation from gDNA isolated from CHO 0mM and CHO 8mM samples. gDNA was 
digested with HpaII_T and MspI_T restriction enzymes and a no digestion control was 
included as well. The digestion protocol was the same as for the previous experiment 
(Table 7). After the digestion, the samples were labeled with fluorescein-12-dUTP 
according to the protocol written in the Table 9 (before the optimization). In addition, for 
this experiment the samples were tested in replicates.  
In the third experiment, CHO 8mM cells were treated with DAC as it is described in 
chapter 3.3.2. DNA was isolated but here it was only digested with the HpaII restriction 
enzyme.  A control from the experiment which was not treated with DAC and digested 
with HpaII and a non-digested DNA isolated from the CHO 8mM cells before the 
treatment with DAC was also included. The restriction was done as it is described in Table 
7 and samples were stained with fluorescein-12-dUTP according to the protocol in the 
Table 9 (after the optimization).  
To quantify the level of DNA methylation in the tested samples, plasmid pUC19 was 
methylated and samples with different percentages of DNA methylation were prepared by 
mixing methylated and non-methylated pCU19. The percentages of DNA methylation 
included were 0, 20, 40, 60, 80 and 100%. For better statistical analysis, samples were 
prepared in triplicates. Samples for the calibration curve were digested with HpaII. 
Two controls without methylation and with 100% methylation were added. 
The 0% methylation control was methylated pUC19 digested with MspI_T enzyme. 
The 100% methylated control was methylated pUC19 that was not digested with any of the 
restriction enzymes. For these two controls it was expected to show the same intensity of 
fluorescence as their corresponding samples from the calibration curve. The same samples 
were also tested with qPCR (chapter 3.6.6). 
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3.6.5 Measuring DNA concentration with DNA fluorescent dyes DAPI and 
PicoGreenTM 
According to the manual Genomic DNA Clean & Concentrator -10 kit, the recovery of 
DNA after the purification is 70 – 95%. Due to the loss of DNA in the purification step the 
amount of DNA after labeling with fluorescein-12-dUTP was not 500 ng, but in between 
350 and 475 ng. Since the fluorescence differs if the amount of DNA is higher or lower, 
the concentration of DNA in the labeled and purified samples had to be determined.  
DAPI fluorescent dye has different emission and excitation wavelengths compared to 
fluorescein-12-dUTP (358 nm and 461 nm). It is usually used to dye DNA in cells and the 
protocol was adapted to dye isolated DNA here. The first calibration curve with different 
amounts of DNA was made to try if DAPI can be used for isolated DNA. For this 
calibration curve samples in triplicates with gDNA amounts 0 ng, 100 ng, 200 ng, 300 ng, 
400 ng and 500 ng were prepared. To the experiment a sample in nine repetitions with 
known mass (250 ng) was added. One triplicate was dyed only with DAPI, the second 
triplicate was not dyed with DAPI and had only added 0.25 µL of fluorescein-12-dUTP 
and the last triplicate was dyed with DAPI and had also added 0.25 µL of 
fluorescein-12-dUTP. To this experiment fluorescein-12-dUTP was added to see if these 
two dyes interfere with each other. To each sample, DAPI diluted in NFW, with end 
concentration 0.5 µg/mL was added, samples transferred to 96-well black plate with flat 
bottom (NuncTM F96 MicroWellTM Black Polystyrene Plate) and fluorescence measured 
with fluorescence reader (Infinite 220 PRO) (settings are written in Annex B2).  
Due to observed interferences between DAPI and fluorescein-12-dUTP, we tried to 
determine DNA concentration with Quant-iTTM PicoGreenTM dsDNA assay kit 
(Invitrogen) (PicoGreenTM). Fluorescent dye PicoGreenTM has similar emission and 
excitation wavelengths (480 nm and 525 nm) as fluorescein-12-dUPT. Samples with 
different amounts of gDNA, 0 ng, 100ng, 150 ng, 200 ng, 250 ng and 300 ng were 
prepared in triplicates. As a reference, the amount of DNA of two samples with known 
DNA mass, 200 ng, was measured. One sample was methylated gDNA digested with 
HpaII and the second sample was non-methylated gDNA digested with MspI_T. As 
PicoGreenTM does not emit fluorescence if it is not bound to dsDNA, additional 
purification after labeling was not needed. Samples were transferred to 96-well black plate 
with flat bottom (NuncTM F96 MicroWellTM Black Polystyrene Plate) and fluorescence 
measured with fluorescence reader (Infinite 220 PRO) at 480/520 nm (additional settings 
written in the Annex B3). 
From the measurements of the samples included in the experiment above, we observed that 
labeling DNA with PicoGreenTM is dependent on the fragmentation of DNA. Therefore, we 
performed another experiment with samples of pUC19 with 0, 20, 40, 60, 80 and 100% 
digestion with the enzyme HpaII. 
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3.6.6 Quantitative polymerase chain reaction (qPCR)  
The purpose of qPCR was to evaluate the linearity of signal from different percentages of 
DNA methylation. Four primer sets were designed (Annex C1), using the online tool 
Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/, 30.5.2019) and tested with qPCR. Based on 
the melting curve, primer pairs 1 and 4 were used for the following experiments. Primer set 
1 amplified the region from 1934 bp to 2062 bp of pUC19, which contains one restriction 
site for HpaII and MspI and produced an amplicon with a size of 128 bp. Primer set 4 
amplified the region from 2468 bp to 2584 bp of pUC19 (116 bp), which does not contain 
any restriction site for HpaII and MspI restriction enzymes and served as a reference for 
non-methylated pUC19 (Annex A2). 
For qPCR reaction, SensiFast SYBR Hi-ROX (Bioline, Great Britain) kit was used. 
The reaction mix and the settings for qPCR reaction on qPCR cycler Rotor Gene Q 
(Qiagen) are presented in Annex C. When more samples were tested, the volume of master 
mix was multiplied with the number of samples and 10% of the end volume was added. 
Each sample was repeated in quadruplets for better statistical analysis. The melting curve 
and threshold were set with the Rotor Gene Q software. Threshold of the amplification was 
set at 0.061.  
Samples amplified with the qPCR method were pUC19 with different percentages of 
methylation (0, 20, 40, 60, 80 and 100%), the same as were labeled with 
fluorescein-12-dUTP (chapter 3.6.4). A control for 0% methylated pUC19 was methylated 
pUC19 which was digested with MspI. For 100% methylated control, non-digested and 
methylated pUC19 was used. For technical control, only qPCR mix without pUC19 was 
used. Relative quantification of different samples was done using the 2-ΔΔCt method by 
comparing the amplification of primer pair 1 qPCR product to the reference primer pair 4 
amplicon (Livak and Schmittgen, 2001). 
3.6.7 Measuring DNA methylation with MethylFlashTM Global DNA Methylation 
(5-mC) ELISA Easy Kit (Colorimetric) 
As a reference method to confirm the successfulness of the gDNA methylation protocol, 
the MethylFlashTM Global DNA Methylation (5-mC) ELISA Easy Kit (Colorimetric) 
(EpiGentek) (ELISA kit) was used. According to the manufacturer’s instructions, the 
experiment is carried out in a 96-well plate which has high affinity for DNA. The level of 
DNA methylation was detected using capture and detection antibodies and quantified with 
absorbance measurements in a microplate spectrophotometer. Capture antibodies are 
designed to bind to methylated cytosines (5-mC) and the measured DNA methylation 
corresponds to the ratio of methylated cytosines. The kit is suitable for detection of gDNA 
methylation levels in any kind of sample where DNA has the size of 200 bps or more. 
The kit provides negative (NC) and positive (PC) controls, and also a standard curve in the 
range from 0.1 to 5% of methylation (instructions for the kit).  
Reference samples in this experiment were mixtures of non-methylated and methylated 
pUC19. Methylation percentages of the plasmid were in range from 0% to 5% (0, 0.1, 0.2, 
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0.5, 1, 2 and 5%) which corresponded to the standard curve provided with the kit. 
Two additional samples were added, gDNA isolated from CHO 0mM and CHO 8mM. 
As it is recommended by the manufacturer, each sample was tested in replicates and for 
each 100 ng of DNA were used. The experiment was carried out according to the 
instructions. Absorbance was measured with a fluorescence reader (Infinite 220 PRO) 
using the settings written in the Annex B4.  
Levels of DNA methylation (5-mC) of the samples were calculated according to the 
standard curve of the kit using a polynomial second order regression. The percentage of 
5-mC (5-mC%) was calculated with equation 6. 
 
… (6) 
S represents the amount of input sample in ng, which was 100 ng for all of the samples. 
Values a and b are extracted from the regression equation. Y is the measured OD450 of the 
sample subtracted with the OD450 of the negative control. 
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4.1 CONTINUOUS CULTURE OF CHO 8mM AND CHO 0mM CELL LINES 
All the data from continuous cultures with CHO 8mM and CHO 0mM cell lines are 
presented in Annexes O-S. In total we performed four continuous cultures with CHO 8mM 
cell line in five different DRs: 0.42 VEX/day, 0.55 VEX/day, 0.7 VEX/day (triplicates), 
0.63 VEX/day (duplicates) and 0.84 VEX/day (duplicates). With CHO 0mM cell lines we 
completed two DRs, 0.7 VEX/day and 0.78 VEX/day, in one continuous culture (Table 2). 
CHO 8mM continuous culture was also run at 0.44 VEX/day and CHO 0mM at 0.63 
VEX/day, but due to a contamination of the bioreactor before a steady state was reached, 
these dilutions were not finished and the data are not available. With the first continuous 
culture CON2 we set the highest DR depending on the growth rate in the batch part of the 
bioprocess (chapter 3.2.3), which was 0.7 VEX/day. In the latter bioprocesses, we 
observed higher growth rates in batch parts (Table 10) and due to this, in CON4, CON6 
and CON7 some of the DRs were higher than 0.7 VEX/day. 
Table 10: Calculated linear regression model for Ln value of viable cell density [x106 cells/mL] depending on 
time [days] in batch part of continuous cultures. Calculated slope represents growth rate.  
Preglednica 10: Izračunane vrednosti modela linearne regresije za Ln gostote viabilnih celic [x106 celic/mL] 
v odvisnosti od časa [dan] v šaržnem delu kontinuirnih kultur. Izračunana konstanta linearne enačbe (slope) 
predstavlja stopnjo rasti. 
Continuous culture Linear regression model for calculating growth rate 
Slope (growth rate) Intercept  Coefficient of determination 
CON2 0.765 -1.947 0.983 
CON3 0.858 -1.881 0.986 
CON4 0.768 -1.953 0.995 
CON6 0.887 -1.943 0.992 
CON7 0.881 -1.901 0.994 
The flow of the inlet media was also controlled externally by measuring the weight of the 
media. From the measurements the actual DRs of the steady states were calculated (Table 
11). As it is seen from the table, the calculated DRs appeared to be lower compared to the 
ones that we set at the beginning, which resulted in nine different DRs for the continuous 
cultures with CHO 8mM (0.36, 0.49, 0.55, 0.58, 0.63, 0.64, 0.66, 0.77 and 0.78 VEX/day) 
cell line and two DRs for CHO 0mM (0.67 and 0.72 VEX/day). Due to this, the DRs were 
not tested in replicates. Therefore, the naming of the dilution rates from this point refers to 
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Table 11: Dilution rates of the steady states in continuous culture with CHO 8mM (CON2, CON3, CON6 
and CON7) and CHO 0mM (CON4) cell lines. 
Preglednica 11: Pretoki stabilnih faz kontinuirnih kultur celic CHO 8mM (CON2, CON3, CON6 in CON7) 
in CHO 0mM (CON4). 
Set dilution rate [VEX/day] Continuous culture Calculated dilution rate [VEX/day] 
0.42 CON3 0.36 
0.55 CON2 0.49 
0.63 CON6 0.55 
0.63 CON7 0.58 
0.7 CON2 (1.) 0.64 
0.7 CON2 (2.) 0.63 
0.7 CON3 0.66 
0.7 CON4 0.67 
0.78 CON4 0.72 
0.84 CON6 0.77 
0.84 CON7 0.78 
First column presents the dilution rates set on the pump system and the last column presents the dilution rates calculated 
from weight of the inlet media. 
V prvem stolpcu so pretoki nastavljeni na začetku vsakega bioprocesa, v zadnjem stolpcu pa so napisane dejanske 
vrednosti pretokov preračunane iz meritev teže medija. 
Samples to determine the level of gDNA methylation were taken when steady states were 
achieved, after 5 VEX. Samples were tested using the method described in Chapter 3.6 and 
the results are presented in Chapter 4.6. Samples for amino acids quantification in the 
supernatants and RNAseq were also taken during the continuous cultures but the samples 
were not further evaluated and the data is not available.  
Glutamine concentration in the inlet media was measured to determine glutamine 
degradation before the media reached the cells. In the Annex N, glutamine concentration in 
the inlet media for the CON2 continuous culture measured for 55 days is presented. 
Measurements of the glutamine in the inlet media do not indicate glutamine degradation in 
the media stored at room temperature and protected from light for 5 days. Considering 
these results, we assumed that in our case glutamine degradation would not affect the 
continuous culture with CHO 8mM cell line. Moreover, from the same figure we can see 
that the concentrations measured with the bioanalyzer do not fit to the actual 
concentrations of the glutamine, since 88.5% of all measurements are above the 
concentration that was in the prepared CD CHO media with the supplement of 
8mM glutamine. For this reason, a reference media in four dilutions was measured at each 
time point to correct the measurements of glutamine, lactate and ammonia. We did not 
include a reference media with known concentrations of glutamic acid and glucose, 
therefore the data from these two metabolites cannot be corrected. The data of all 
continuous cultures in the Annexes O-S is raw data obtained from the bioanalyzer, without 
corrections of the concentration values of glutamine, lactate and ammonia. For the 
evaluation of the steady states of each DR, the data was corrected with the reference 
media. As we started measuring reference media after the observed difference in the 
bioanalyzer measurements, the data from the first DR 0.64 VEX/day of the CON2 
continuous culture is not corrected. 
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We were mostly interested in changes that were observed between steady states but 
changes in cell growth and cell phenotype are also seen over the whole time the cells were 
cultured in continuous cultures. In the continuous culture CON3 when the DR was lowered 
(0.66 – 0.36 VEX/day) a notable change can be seen right after the change. The VCD 
increased (Annex P1) and consequently the concentrations of glucose and glutamine 
(Annex P3) decreased and concentrations of ammonia and lactate increased (Annex P4). 
Due to the observed effect of DR change, we introduced a transition state (0.7 VEX/day) 
for the continuous cultures CON4, CON6 and CON7 when DR was lowered. From the 
Annexes Q1, R1, S1 we can see that if a continuous culture was run for two days at a 
transitions state, the effect on VCD and other measurements was not in the same extent as 
for CON3. 
Concentrations of potassium and sodium were also measured and osmolality was 
calculated accordingly. Measurements of potassium appeared stable over time, on the other 
hand the values of sodium showed small-scale increase until the end of the culture which 
also did not change with changed VCD.  The measurements of osmolality also changed 
with changes in sodium content (Annexes O5, P5, Q5, R5 and S5). Changes of mentioned 
parameters were not important for the evaluation of the cell growth in the bioprocess, 
therefore further evaluation was not done. 
4.1.1 Cell growth in steady states of continuous culture 
Growth phenotype in each steady state was evaluated by measuring cell viability, VCD and 
ACD. In Figure 8A we can see the change in average VCD of every steady state of the 
tested dilutions of continuous culture with CHO 8mM (black dots) and CHO 0mM 
(light grey squares) cell lines. The highest VCD was observed for CHO 0mM cell line at 
DR 0.67 VEX/day and the lowest for CHO 8mM cell line at 0.36 VEX/day. 
Linear regression model (Table 12) shows partial correlation (R2 = 0.562, p = 0.02) where 
with increasing DR, the VCD increased. For viability of CHO 8mM continuous cultures 
(Figure 8B), higher correlation was observed (R2 = 0.746, p = 0.003; Table 12). Lowest 
viability was seen again for CHO 8mM cell line at 0.36 VEX/day. Notable difference 
between CHO 8mM and CHO 0mM cell lines was not observed (Figure 8B) as well as it 
was not observed for measurements of ACD (Figure 8C). Moreover, ACD for CHO 8mM 
cell line does not show correlation with changing DR (Table 12). 
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Figure 8: Average (A) viable cell concentration [x106 cells/mL], (B) culture viability [%] and (C) average 
cell diameter [microns] of different dilutions rates [VEX/day] when the continuous culture of CHO 8mM  
(black dots) or CHO 0mM (light greay squares) cell lines was in steady states. Deviation from the average is 
presented with standard error. 
Slika 8: Povprečna (A) koncentracija viabilnih celic [x106 celic/mL], (B) viabilnost kulture [%] in (C) 
diameter celic [mikroni] pod različnimi pretoki [VEX/dan] ko so bile kulture CHO 8mM (črne pike) in 
CHO 0mM (svetlo sive pike) celic v stabilnih fazah. Odstopanje od povprečja je prikazano s standardno 
napako. 
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4.1.2 Uptake and secretion rates of metabolites in the steady states of different 
dilution rates 
Behavior of CHO 8mM and CHO 0mM cell lines under different DRs was evaluated by 
calculating URs of glutamic acid, glucose and glutamine (only CHO 8mM cell line) and 
SRs of lactate and ammonia with the equations 3 and 4. Calculations of linear regression 
model for the correlation between DR and UR or SR for CHO 8mM cell line did not show 
correlation (Table 12). From the Figure 9A we can see the dynamics of glutamic acid 
uptake. Comparing the uptake rate between the cell lines, we can see that CHO 0mM cells 
did metabolize glutamic acid, whereas CHO 8mM cell lines metabolized it at DRs 0.49, 
0.55, 0.63 and 0.64 VEX/day and it was evidently secreted at higher DRs 0.77 and 
0.78 VEX/day. The consumption of glucose (Figure 9B) was the highest between all three 
available energy sources. Although the correlation for CHO 8mM cell line was not 
confirmed we can observe a decrease in glucose uptake with increasing DR. Between the 
cell lines tested, CHO 0mM had lower consumption of glucose compared to CHO 8mM 
cell line. Linear regression model for the uptake rate of glutamine, does not give a 
correlation with changing DR as can also be seen from the Figure 9C. 
Secretion rate of lactate (Figure 10A) was the lowest for CHO 0mM cell line at both DRs, 
0.67 and 0.72 VEX/day compared to CHO 8mM cell line, which showed that CHO 0mM 
cell line produces less lactate. The highest secretion was observed for CHO 8mM cell line 
at 0.36 VEX/day. Correlation with changing DR was not observed. Similar results can be 
observed for the secretion of ammonium (Figure 10B). Here the difference of secretion of 
ammonium between the DR 0.36 VEX/day and other DRs was not as great as for the 
lactate, but a distinctive change between DRs is not seen. As well as for lactate, the 
CHO 0mM cell line secreted less ammonium compared to CHO 8mM cell line. 
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Figure 9: Calculated average (A) uptake/secretion rate of glutamic acid [fmol/cell*h], (B) uptake rate of  
glucose [fmol/cell*h]  and (C) uptake rate of glutamine [fmol/cell*h] by CHO 8mM (black dots) and CHO 
0mM (light grey squares) in continuous culture at steady states of different dilution rates [VEX/day]. 
Glutamine was only present in culture media of CHO 8mM cell line. Deviation from the average is presented 
with standard error. 
Slika 9: Izračunani povprečni faktorji (A) privzema/sekrecije glutaminske kisline [fmol/celico*h], (B) 
privzema glukoze [fmol/celico*h] in (C) privzema glutamina [fmol/celico*h] v stabilnih fazah različnih 
pretokov [VEX/dan] kontinuirnih kultur CHO 8mM (črne pike) in CHO 0mM (svetlo sive pike) celic. 
Odstopanje od povprečja je prikazano s standardno napako.  
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Figure 10: Calculated average secretion rate of (A) lactate [fmol/cell*h] and (B) ammonium [fmol/cell*h] by 
CHO 8mM (black dots) and CHO 0mM (light grey squares) cell lines in continuous culture at steady states of 
different dilution rates [VEX/day]. Deviation from the average is presented with standard error. 
Slika 10: Izračunani povprečni faktorji (A) sekrecije laktata [fmol/celico*h] in (B) sekrecije amonija 
[fmol/celico*h] v stabilnih fazah različnih pretokov [VEX/dan] kontinuirnih kultur CHO 8mM (črne pike) in 
CHO 0mM (svetlo sive pike) celic. Odstopanje od povprečja je prikazano s standardno napako. 
Table 12: Corelation calcuated using linear regression model between dilution rate and viable cell density, 
viability, average cell diameter, glutamic acid uptake/secretion rate, glucose uptake rate, glutamine uptake 
rate, ammonium secretion rate or lactate secretion rate for continuous cultures with CHO 8mM cell line. 
Preglednica 12: Korelacija izračunana z modelom linearne regresije med pretokom v stabilni fazi in gostoto 
viabilnih celic, viabilnostjo kulture, povprečnim premerom celic in faktorji privzema/sekrecije glutaminske 
kisline, privzema glukoze in glutamine ter sekrecije amonija in laktata za kontinuirne kulture celic 
CHO 8mM. 
Correlation between dilution rate 
[VEX/day] and: 
Linear regression model 




Viable cell density [x106 cells/mL] 6.909 1.252 0.562 0.020 
Viability [%] 25.759 80.475 0.746 0.003 
Average cell diameter [microns] 0.001 14.870 0.000 0.997 
Glutamic acid uptake rate [fmol/cell*h] -3.311 1.850 0.320 0.112 
Glucose uptake rate [fmol/cell*h] -97.686 181.71 0.321 0.112 
Glutamine uptake rate [fmol/cell*h] 6.112 12.415 0.044 0.587 
Ammonium secretion rate [fmol/cell*h] -3.020 -20.017 0.016 0.746 
Lactate secretion rate [fmol/cell*h] 113.86 -224.26 0.203 0.224 
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4.2 TREATMENT OF CELLS FOR CHANGED DNA METHYLATION 
The impact of DAC, resveratrol, and transfection of CHO 8mM with siRNAs against 
DNMTs (cultured in shaking flasks) on cell viability, VCD, ACD and gDNA methylation 
was examined. Samples were taken according to sample plan in Chapter 3.3. For this 
experiment, the level of gDNA methylation was measured by the digestion of isolated 
DNA with HpaII and labeled with the fluorescein-12-dUTP (Chapter 3.6). 
Intracellular staining of 5-mC (chapter 3.3.2.1) was added to confirm the results from the 
fluorescein-12-dUTP method. The data of gDNA methylation is presented in the 
Chapter 4.6. 
4.2.1 Treating CHO 8mM cells with DAC 
In Figure 11, we can observe the difference in growth between samples that were treated 
with DAC and the control samples (DAC –ctrl). We assumed that DAC would affect cell 
growth, which could be seen in lower growth rate and lower cell viability. Cells treated 
with the DAC compared to the control samples had impaired growth, which can be seen as 
lower VCD (Figure 11C) and higher viability loss (Figure 11A), through exponential 
(until 117 hours) and stationary growth phases and was also significant for both parameters 
at the end of the experiment (158 hours) (Figure 11B and D, Annex E). Measurements of 
ACD were changing constantly and did not show influence from treating cells with DAC 
(Annex D1).  
To get a better insight into the growth of  the exponential phase, growth rates were 
calculated from 44 to 117 hours of the experiment (Figure 12, Annex E). The calculations 
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Figure 11: Dynamics of cell (A) viability and (C) viable cell density of CHO 8mM cells treated with 1 µM 
DAC (DAC) and control samples (DAC-ctrl). (B) Viability and (D) viable cell density of DAC-treated 
samples and control samples at 158 hours of the experiment, t-test assuming equal variances was performed. 
The deviation from the mean is presented as standard error. 
Slika 11: Dinamika (A) viabilnosti kulture in (C) gostote viabilnih celic kulture CHO 8mM tretiranih z 1 µM 
DAC (DAC) in kontrolnih vzorcev (DAC-ctrl). (B) Viabilnost in (D) gostota viabilnih celic kultur tretiranih z 
DAC in kontrolnih vzorcev po 158 urah eksperimenta, izračunan je bil t-test s predpostavljenimi enakimi 
variancami. Odstopanje od povprečja je prikazano s standardno napako.  
 
Figure 12: Calculated average of growth rates (from 44 to 117 hours of the experiment) from triplicates 
treated with DAC (DAC) and corresponding untreated control samples (DAC-ctrl). t-test assuming unequal 
variances was performed. Deviation from the mean is presented with standard error. 
Slika 12: Izračunana povprečna stopnja rasti (od 44 do 117 ur eksperimenta) za tri ponovitve kultur tretiranih 
z DAC in pripadajočih kontrolnih vzorcev (DAC-ctrl). Izračunan je bil t-test s predpostavljenimi neenakimi 
variancami. Odstopanje od povprečja je prikazano s standardno napako. 
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4.2.2 Treating CHO 8mM cells with Resveratrol 
From the Figure 13 and Figure 14A we can see that numerically there was a difference 
between samples treated with resveratrol (RESV) and the corresponding control samples 
(RESV-ctrl). During the experiment, the cell viability (Figure 13) in the resveratrol-treated 
culture was to some degree lower compared to control samples. On the contrary, at 
158 hours of the experiment slightly higher cell viability was observed. Due to not 
consistent effect on viability, statistical test for this parameter was not done.  
 
Figure 13: Dynamics of cell viability of CHO 8mM cells treated with 10 µM resveratrol (RESV) and control 
samples (RESV-ctrl).  The average of three replicates is presented and the deviation from the mean is 
presented as standard error. 
Slika 13: Dinamika viabilnosti kulture CHO 8mM celic tretiranih z 10 µM resveratrolom (RESV) in 
kontrolnih vzorcev (RESV-ctrl). Predstavljeno je povprečje treh ponovitev kulture. Odstopanje od povprečja 
je prikazano s standardno napako. 
 
Figure 14: (A) Dynamics of viable cell density of CHO 8mM cells treated with 10 µM resveratol (RESV) 
and control samples (RESV-ctrl). (B) Viable cell density of RESV-treated samples and control samples at 
158 hours of the experiment, t-test assuming equal variances was performed (ns – statistically not significant, 
p > 0.05). The deviation from the mean is presented as standard error. 
Slika 14: (A) Dinamika gostote viabilnih celic kulture CHO 8mM tretiranih z 10 µM resveratrolom (RESV) 
in kontrolnih vzorcev (RESV-ctrl). (B) Gostota viabilnih celic kultur tretiranih z resveratrolom (RESV) in 
kontrolnih vzorcev (RESV-ctrl) po 158 urah eksperimenta, t-test s predpostavljenimi enakimi variancami je 
bil izračunan (ns – ni statistično značilno, p<0.05). Odstopanje od povprečja je prikazano s standardno 
napako. 
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From the measurements of VCD (Figure 14A) we can observe the difference in the 
exponential growth phase (at 68, 94 and 117 hours). The VCD values do not show 
significant difference  in  the samples treated with resveratrol and the control samples at 
158 hours (Figure 14B, Annex E). As well as for cells treated with DAC, ACD was 
changing for treated and control samples and did not show distinct effect of resveratrol 
(Annex D2). Growth rates were calculated from 44 to 117 hours of the experiment (Figure 
15, Annex E), the same as it was done for the samples treated with DAC. The average 
growth rate for the samples treated with resveratrol was not significantly lower compared 
to the control samples (RESV-ctrl). 
 
Figure 15: Calculated average of growth rates (from 44 to 117 hours of the experiment) from triplicates 
treated with resveratrol (RESV) and corresponding untreated control samples (RESV-ctrl). T-test assuming 
unequal variances was performed (ns – statistically not significant, p > 0.05). Deviation from the mean is 
presented with standard error. 
Slika 15: Izračunana povprečna stopnja rasti (od 44 do 117 ur eksperimenta) za tri ponovitve kultur tretiranih 
z resveratrolom (RESV) in pripadajočih kontrolnih vzorcev (RESV-ctrl). Izračunan je bil t-test s 
predpostavljenimi neenakimi variancami (ns – statistično ni značilno, p > 0.05). Odstopanje od povprečja je 
prikazano s standardno napako. 
4.2.3 Transfection of CHO 8mM cells with DNMTs siRNAs   
In the experiment where cells were transfected with siRNAs against DNMTs, three 
controls were included, siRNA-Mock, siRNA-Death and siRNA-neg (explained in 
Chapter 3.3.1). For siRNA-Death control the cell viability dropped to 61.2% on the day 2 
after the transfection and by the day 4 it reached 28.6% viability (Annex F1) after the first 
transfection. The data show the same trend after the second and the third transfection. 
Moreover, the VCD values did not exceed 0.35x106 cells/mL (Annex F1) after all three 
transfections. siRNA-Mock control showed growth similar to controls included in the 
experiments with the DAC and resveratrol, on the day 4 of each transfection, the cell 
viability was for all the controls around 98% and VCD was higher compared to the 
DAC-ctrl and RESV-ctrl samples. This control samples confirmed that cell growth was not 
altered due to transfection procedure itself. If we compare the siRNA-Mock control to the 
siRNA-neg control, we can see from Figure 16 and Annex D3 that cell viability, VCD and 
ACD did not evidently differ numerically from the siRNA-Mock controls. From Figure 17 
we can see that the growth rate of siRNA-neg samples were lower compared to siRNA-
Mock, which could indicate that the introduction of the small RNAs itself has an effect on 
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the cell growth, but the data cannot be statistically tested due to only one sample of the 
siRNA-Mock control.  
 It was expected that introduction of siRNAs targeting mRNAs for DNMT1 and DNMT3a, 
would influence the level of DNA methylation. By measuring cell culture parameters, we 
evaluated consequent changes in cell growth. Numerically, we can see that cell viability 
(Figure 16A) did not differ from the cell viability of the control samples siRNA-neg during 
exponential phases after all three transfections and it was not significant after the third 
transfection either (Figure 16B, Annex E). VCD of the treated cells compared to the 
control samples siRNA-neg (Figure 16C) after all three transfections at the beginning of 
the exponential phase did not show any difference. Moreover, at the end of exponential 
phase after the 1st transfection, the change in VCD is not seen from the graph. A trend is 
visible after the 2nd and the 3rd transfection, where the treated cells showed lower VCD 
values. Moreover, from Annex D3 we can see that treated and non-treated cells did not 
differ in cell size.  
 
Figure 16: Dynamics of cell (A) viability and (C) viable cell density of CHO 8mM cells transfected with 
DNMTs siRNAs (siRNA) and control samples (siRNA-neg and siRNA-Mock) at time 0 (1st transfection), 
after 95 (2nd transfection) hours and after 190 (3rd transfection) hours. (B) Viability and (D) viable cell 
density of cells transfected with DNMTs siRNAs and control samples at 284 hours of the experiment, t-test 
assuming equal variances was performed (ns – statistically not significant, p > 0.05). The deviation from the 
mean is presented as standard error. 
Slika 16: Dinamika (A) viabilnosti kulture in (C) gostote viabilnih celic kulture CHO 8mM transfektirane z 
siRNA specifičnimi za DNMT (siRNA) in kontrolnih vzorcev (siRNA-neg in siRNA-Mock) ob času 0 (prva 
transfekcija), 95 (druga transfekcija) in 190 ur (tretja transfekcija). (B) Viabilnost in (D) gostota viabilnih 
celic transfektiranih z siRNA specifičnimi za DNMT (siRNA) in kontrolnih vzorcev (siRNA-neg) pri 284 
urah eksperimenta. Izračunan je bil t-test s predpostavljenimi enakimi variancami (ns – statistično ni 
značilno, p > 0.05), Odstopanje od povprečja je prikazano s standardno napako. 
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Growth rates were calculated between 20 and 90 hours after each transfection (Figure 17, 
Annex E). After the 1st transfection growth rate was higher for the treated cells compared 
to the control samples and after the 2nd and the 3rd transfection, growth rates were lower 
for the treated cells, but the data were only found to be statistically significant for the 
calculations after the 2nd transfection. This is also seen from the measurements of VCD 
(Figure 16C). If we compare the growth rates of the treated cells after each transfection, 
the growth rate was the highest after the 1st transfection compared to the 2nd and the 3rd 
transfection, but the differences are not statistically significant. From the control samples, 
growth rate was the lowest after the first transfection, but the differences between the 
controls were small enough to be statistically equal (Annex F2).  
 
Figure 17: Calculated average of growth rates (between 20 and 90 hours after transfection) from triplicates 
transfected with DNMTs siRNAs and controls siRNA-neg and siRNA-Mock (only in singlet) after each 
transfection. t-test assuming equal (*) or unequal (**) variances was performed, ends of lines present 
compared samples (ns – statistically not significant, p > 0.05). Deviation of the samples is presented with 
standard error. 
Slika 17: Izračunana povprečna stopnja rasti (od 20 do 90 ur eksperimenta) za tri ponovitve kultur 
transfektiranih z siRNA specifičnimi za DNMT (siRNA) in kontrolnih vzorcev siRNA-neg in siRNA-Mock 
(le ena ponovitev vzorca) po vsaki transfekciji. Izračunan je bil t-test s predpostavljenimi enakimi (*) oz. 
neenakimi (**) variancami (ns – statistično ni značilno, p > 0.05). Odstopanje od povprečja je prikazano s 
standardno napako. 
4.3 STAINING DNA WITH FLUORESCEIN-12-dUTP (TUNEL) KIT 
As described above, we hypothesized that the TUNEL kit could be used to determine 
differences between DNA methylation in samples that are known to have different levels 
of DNA methylation. First we tested if the TUNEL kit can be used to detect differences 
between samples for which we know that they have different level of DNA methylation or 
we simulated different levels of DNA methylation with digestion of DNA using HpaII or 
MspI restriction enzymes. Furthermore, a calibration curve for DNA methylation was 
done. As it is also described later, the problem we were facing when DNA was labeled 
with fluorescein-12-dUTP was that we were not able to determine the concentration of 
DNA in the tested samples, for which we assumed that it was a main source of variation 
between the replicates. Due to the mentioned variance between the replicates, not fully 
optimized method, different fragmentation originating from the starting material and low 
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sample size (n = 2), a statistical analysis confirming the data was not done and presented 
are only numerically measured differences between tested samples. 
In one of the first experiments we tested the restriction enzyme pair that recognizes the 
same DNA sequence, HpaII and MspI. For the initial sample, gDNA isolated from 
CHO 8mM cell line was used and digested using the enzymes HpaII and MspI. A negative 
control was added as well, which originated from the same starting material, but it was not 
digested with restriction enzymes. The experiment was performed twice and the averages 
between the replicates in each experiment are presented in Figure 18 and Annex G1. In the 
first experiment, fluorescence measured for the MspI digested gDNA (gDNA_MspI) was 
3.35 times higher than the measurement from the sample digested with HpaII 
(gDNA_HpaII). Besides, the result for the control (gDNA_neg) was as expected. As the 
sample was not digested, fluorescein-12-dUTP could only bind to DNA due to the natural 
occurring fragmentation of the sample. The fluorescence was 1.33 times lower from the 
sample digested with HpaII and 4.44 times lower from the MspI digested sample. 
When the experiment was repeated, the numerical ratio between the samples corresponded 
to the data from the first experiment and clearly higher signal from MspI digestion was 
observed. The fluorescence of the gDNA_MspI samples was 4.07 times higher compared 
to gDNA_HpaII sample and the fluorescence measured from the gDNA_neg control was 
1.2 times lower compared to gDNA_HpaII sample and 4.87 times lower compared to the 
gDNA_MspI sample. 
 
Figure 18: Average fluorescence measurements of replicates at 488/525 nm for samples of gDNA isolated 
from CHO 8mM and not digested with restriction enzymes (gDNA_neg), digested with HpaII 
(gDNA_HpaII) or MspI (gDNA_MspI) and labeled with fluorescein-12-dUTP. The deviation of the 
replicates from the mean is presented as standard error. Data presented in Annex G1 
Slika 18: Povprečne meritve fluorescence pri 488/525 nm CHO 8mM nefragmentirane DNA (gDNA_neg), 
fragmentirane s HpaII (gDNA_HpaII) ali MspI (gDNA_MspI) in označene z barvilom fluorescein-12-dUTP. 
Odstopanje od povprečja je predstavljeno s standardno napako. Rezultati so predstavljeni v Prilogi G1. 
The protocol was also tested if it can distinguish smaller differences in DNA methylation.  
We used gDNA isolated from cell lines CHO 0mM and CHO 8mM. Results are presented 
in Figure 19 and raw data in Annex G2. The results present measurements from two 
experiments, which were done under the same conditions. A difference in the intensity of 
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the signal between the first experiment and the second experiment can be observed. This is 
not due to protocol handling, since there were no differences in protocols of experiments 
(Chapter 3.6.4) As mentioned before, negative controls were added to all of the 
experiments to see if DNA is already differentially fragmented in the starting material. 
Besides variance between the replicates originating from different DNA concentration of 
the samples, the variance could also occur from different fragmentation of the DNA in the 
starting material (DNA isolated from CHO 0mM and CHO 8mM). For more correct 
comparison of the samples, the fluorescence measurements of the negative controls 
(samples labeled “Neg” in the Figure 19A) were subtracted from the fluorescence 
measurements of the samples (0mM_HpaII and CHO_8mM). The corrected values are 
then used for the comparison of the gDNA isolated from CHO 0mM and CHO 8mM 
(Figure 19B). If the fragmentation from the original samples is taken into account, then we 
can observe that the gDNA isolated from CHO 0mM cell line is less methylated compared 
to CHO 8mM gDNA. Although the SE between CHO 8mM and CHO 0mM samples 
overlaps and certain conclusions on the level of DNA methylation cannot be made. 
 
Figure 19: (A) Average fluorescence measurements of replicates at 488/525 nm for samples of gDNA 
isolated from CHO 8mM and CHO 0mM, digested with HpaII or MspI or not digested (Neg) and labeled 
with fluorescein-12-dUTP. (B) Corrected fluorescence measurements, samples digested with HpaII or MspI 
have subtracted the values for the negative control (Neg). The deviation of the replicates from the mean is 
presented as standard error. Data presented in Annex G2. 
Slika 19: (A) Povprečne meritve fluorescence pri 488/525 nm CHO 8mM in CHO 0mM nefragmentirane 
DNA (Neg), fragmentirane s HpaII (HpaII) ali MspI (MspI) in označene z barvilom fluorescein-12-dUTP. 
(B) Popravljene meritve fluorescence, vzorci fragmentirani z HpaII in MspI imajo odštete vrednosti 
negativnih kontrol (Neg). Odstopanje od povprečja je predstavljeno s standardno napako. Rezultati so 
predstavljeni v Prilogi G2. 
We also tested if staining DNA with fluorescein-12-dUTP is sensible enough to detect 
differences in DNA methylation if cells are treated with 1 µM DAC (Figure 20 and raw 
data in Annex G3). For this experiment we took gDNA isolated from CHO 8mM which 
was not digested with restriction enzymes (gDNA_8mM_neg) and gDNA isolated from 
CHO 8mM cells treated daily with 1 µM DAC and isolated on the 3rd day of the treatment 
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(gDNA_DAC_HpaII).  The control from this experiment was also included in which CHO 
8mM cells were not treated with DAC (gDNA_DAC-ctrl_HpaII). Both samples were 
digested with HpaII but the digestion with MspI was not included in this experiment, 
because we only wanted to see if decrease in the level of gDNA methylation can be 
observed with the digestion using HpaII. Here we expected for the sample 
gDNA_DAC_HpaII to show a higher signal of the fluorescein-12-dUTP fluorescence 
(lower gDNA methylation) compared to the gDNA_DAC-ctrl_HpaII control. The non-
digested control was included in the experiment to see if non-digested gDNA has similar 
fluorescence measurements in all the experiments where DNA is labeled with fluorescein-
12-dUTP. Numerically average values confirm our expectations, but from Figure 20 and 
Annex  G3 we can see that SEs of the replicates are high, therefore we cannot confirm with 
certainty different methylation levels. 
 
Figure 20: Average fluorescence measurements of replicates at 488/525 nm for samples of gDNA isolated 
from CHO 8mM treated with DAC and non-treated control from the experiment and gDNA isolated from 
CHO 8mM before the experiment. All of the samples were digested with HpaII. The deviation of the 
replicates from the mean is presented as standard error. Data presented in Annex G3. 
Slika 20: Povprečne meritve fluorescence pri 488/525 nm DNA izolirane iz CHO 8mM tretirane z DAC, 
kontrolnega vzorca (gDNA_DAC-neg_HpaII) in CHO 8mM celic pred eksperimentom (gDNA_8mM_neg). 
Vsi vzorci so bili fragmentirani z HpaII. Odstopanje od povprečja je predstavljeno s standardno napako. 
Rezultati so predstavljeni v Prilogi G3.  
4.3.1 DNA methylation calibration curve 
Plasmid pUC19 was used as a reference to confirm the successfulness of the method to 
determine the level of DNA methylation because the exact number of recognition sites by 
restriction enzymes is known (Annex A2). For a more accurate estimation of the 
percentage of the DNA methylation, a calibration curve with known percentages of DNA 
methylation was made and two controls were included in the experiment, MpUC_MspI 
(control for 0% methylated samples) and MpUC_ND (control for the 100% methylated 
samples). Measurements of fluorescein-12-dUTP fluorescence are presented in Annex  H 
and Figure 21 (A and B). The sample that represents 0% methylation showed the highest 
fluorescence and the sample, which represents 100% methylation had the lowest measured 
fluorescence, which was as expected. The samples between these two values fit in the 
calibration curve linearly with a R2 value of 0.9298. The MpUC_ND control confirms our 
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expectations and fits to the calibration curve at around 100% methylation, the calculated 
level of methylation with the trend line equation is 108.27%. The fluorescence intensity of 
MpUC_MspI is lower than expected and does not fit to 0% DNA methylation. In Figure 
21A and Annex H we can see that for some samples, the SEs are high and due to this the 
calibration curve is not certain. The high SE between the duplicates could originate from 
different DNA concentrations in the samples labeled with the fluorescein-12-dUTP, which 
is explained in detail in Chapter 4.3.3.  
 
Figure 21: Calibration curve for different levels of gDNA metyhlation of pUC19 (0-100%) (A) measured at 
488/525 nm and (C) Calculated values with 2^-dCt method from qPCR. (B, D) In vitro methylated pUC19 
samples digested with MspI (MpCU_MspI) and non-digested (MpUC_ND), (B) presents fluorescence 
measurements at 488/525 of fluorescein-12-dUTP and (D) calculated values using 2^-dCt method for qPCR 
analysis. The horizontal lines indicate the signal that should be observed for the samples which are 100% 
methylated and non-methylated (0%) calculated from coresponding calibration curves (Figure 21A and C).  
Average values of replicatesare presented and the deviation of the replicates form the mean is presented as 
standard error. Data for figures A and B in Annex H. 
Slika 21: Umeritvena krivulja z različnimi nivoji metilacije DNA plazmida pUC19 (0-100%) (A) z izmerjeno 
fluorescenco pri 488/525 nm in (C) izračunanimi vrednostmi z 2^-dCt metodo qPCR. (B, D) In vitro 
metilirani vzorci pCU19 in fragmentirani z MspI (MpUC_MspI) ali nefragmentirani (MpUC_ND), (B) 
predstavlja meritve flurescence barvila fluorescein-12-dUTP pri 488/525 nm in (D) izračunane vrednosti z 
2^-dCt metodo qPCR. Vodoravne črte predstavljajo pričakovani signal 100% metiliranih in nemetiliranih 
vzorcev (0%) izračunan iz pripadajoče umeritvene krivulje (Sliki 21A in 21C). Predstavljene so povprečne 
vrednosti. Odstopanje od povprečja je predstavljeno s standardno napako. Rezultati eksperimentov za Sliki 
21A in 21B so predstavljeni v Prilogi H.  
To confirm the DNA methylation calibration curve of pUC19 samples labeled with 
fluorescein-12-dUTP, a calibration curve was also made using qPCR. One set of primers 
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amplified a region that contained a recognition site for HpaII and MspI and the other set 
did not contain the restriction site. During qPCR technical controls were included to test 
whether selected primer pairs have unspecific binding. From Annex C4 the yellow signal 
represents primer pair 4 and blue primer pair 1, we can see that background amplification 
did occur although it was not expected since there was not pCU19 in the sample, but due to 
late occurrence of the signal we assumed that it does not influence the tested samples of 
pUC19. The calibration curve for the level of DNA methylation formed with qPCR 
showed better linearity (Figure 21C) than the one where we labeled the samples with 
fluorescein-12-dUTP. The R2 value of the trend line for qPCR calibration curve is 0.9949. 
Values calculated for 100% methylated control were as expected in the range of 100% 
methylated pUC19 (Figure 21D). The calculated value from the calibration curve is 
104.5%. The control for 0% methylation did not present the results we expected. The 
corresponding methylation percentage calculated from the trend line was 59,4%. MspI 
should not be dependent on the methylation, it should cut pUC19 at all restriction sites, but 
according to the presented data this was not the case. The results for MpUC_MspI sample 
presented in Figure 21 (B and D) indicate that MspI is not completely independent of DNA 
methylation. We assumed that the enzyme MspI_T used here might not digest DNA as it is 
stated by the manufacturer, which was also tested and is presented in Chapter 4.3.2. 
4.3.2 Testing protocols for DNA methylation and digestion with restiction enzymes 
Based on the DNA methylation calibration curves formed by qPCR amplification and 
labeled with fluorescein-12-dUTP it was evident that the restriction enzyme MspI_T does 
not work according to the manufacturer’s specifications. To assess this assumption, we 
tested the influence of digestion time and DNA methylation on the performance of 
MspI_T. According to Thermo Fisher Scientific, the incubation conditions for this enzyme 
are 37 °C for 5 minutes for 1 µL (information of the units was not provided) of MspI_T to 
digest 1 µg of plasmid DNA or gDNA with the included FastDigest Buffer. The 
recommended digestion conditions were used in all reactions with restriction enzymes. 
In the first experiment (Figure 22) we assessed the influence of different digestion times. 
For this we performed digestion of methylated and non-methylated pUC19 with MspI_T 
(M_MspI, NM_MspI) for 5 minutes, 60 minutes and overnight. Methylated and non-
methylated pUC19 samples were also added, digested overnight with the restriction 
enzyme PcsI (M_PscI, NM_PscI) and digestion for 5 minutes with the enzyme HpaII 
(M_HpaII, NM_HpaII). After the digestion, the DNA samples were analyzed by agarose 
gel electrophoresis. As we assumed that MspI_T enzyme is not completely unaffected by 
DNA methylation, we added the PscI enzyme, which is also not affected by DNA 
methylation. In Figure 22 (lanes 5 and 6) we can see that there is no difference in the 
digestion profile which means that PscI is independent of DNA methylation, as is stated by 
the manufacturer. Methylated and non-methylated samples of pUC19 digested with HpaII 
(lanes 17 and 18) were added as a reference for not digested and completely digested 
pUC19. A similar DNA fragmentation profile comparing NM_HpaII (lane 18) and 
NM_MspI (lanes 2, 10 and 14) is visible, where we can see that digestion is not more 
effective if we prolong the 37 °C incubation time. The 5 minutes incubation is sufficient 
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enough as the manufacturer stated. Moreover, this digestion profile is as expected since 
both enzymes, HpaII and MspI, recognize the same DNA sequence. The same would be 
expected for the M_MspI sample, since MspI should not be dependent on methylation, but 
the digestion profile from this experiment shows the opposite. The M_MspI samples 
(lanes 1, 9 and 13), for all the digestion times show another band visible around 1500 bp 
(white square), which should not be present according to the digestion profiles of 
NM_MspI (lanes 2, 10 and 14) and NM_HpaII (lane 18). This experiment confirmed that 
the enzyme MspI is not completely independent of DNA methylation. Due to this findings, 
MspI enzyme from New England Biolabs (MspI_N) was also tested (Figures 23 and 24). 
 
Figure 22: Picture of pUC19 on agarose gel after different reactions of enzymatic digestion with MspI_T, 
HpaII and PcsI for 5 minutes, 60 minutes or overnight at 37 °C (M – methylated pUC19, 
NM - non-methylated pUC19) 
Slika 22: Agarozni gel z vzorci plazmida pUC19 po fragmentaciji z MspI_T, HpaII in PscI encimi po 5 
minutni, 60 minutni ali preko nočni restrikcijski reakciji pri 37 °C (M – metiliran pUC19, NM – nemetiliran 
pUC19). 
From Figure 22 we also noticed that digestion patterns of pUC19 do not correspond to the 
expected digestion patterns of pUC19 with the tested restriction enzymes. Enzyme PscI 
should cut the plasmid only once at 2560 bp which forms a linear plasmid of a length of 
2686 bp. However, in Figure 22 we can see two bands from the restriction with PscI (lanes 
5 and 6), one between 2500 bp to 3000 bp, which would correspond to the expected 
digested plasmid. Unexpectedly, there was another band between 4000 bp and 6000 bp, 
which was twice the size of the plasmid. Unexpected bands also occurred when the 
plasmid was digested with MspI and HpaII. In this case the plasmid should be cut 13 times 
(Annex A2) with the largest fragment sizes being 404 bp, 489 bp and 501 bp. This is not 
consistent with the restriction profiles, since the largest bands on the gel appear around 
1500 bp. To test whether we have been working with the correct pUC19 from the 
beginning, another digestion of methylated and non-methylated pUC19 was performed 
with MspI_T and HpaII. Methylated and non-methylated pCU19 was also digested with 
MspI_N and DrdI (Figure 23A). The restriction enzyme DrdI was used for the first time 
after the first transformation of E. coli with pUC19 to confirm that the transformation was 
successful and that the right plasmid was introduced (Figure 23B). After that, more 
transformations and isolations of pUC19 followed, but since we were using the same 
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starting material we did not repeat this validation and up to this point we did not notice that 
the plasmid we have been working with could not be the same as at the beginning. Plasmid 
pUC19 has two recognition sites for DrdI enzyme (Annex A2), one at position 589 bp and 
the other at 2458 bp, which forms two linear fragments in the size of 817 bp and 1869 bp. 
This digestion profile is visible on Figure 23B, lanes 1 and 3. Lanes 2 and 4 are non-
methylated, undigested pUC19 samples in the size of 2686 bp, and due to its circular form, 
it migrated faster than expected. When the digestion of methylated and non-methylated 
pUC19 with DrdI was repeated (Figure 23A), a different digestion profile with DrdI was 
observed (lanes 4 and 10). Four bands were observed in sizes around 2000, 2500, 4000 and 
5000 bp, which is not consistent with the data collected the first time. Due to these results, 
we assumed that changes occurred in E. coli transformed with pUC19 and for this reason, 
the next experiments for testing the activity of MspI and DNA methylation protocols were 
done using a pEPO-Fc plasmid (Annex A1). Other lanes not discussed in Figure 23A 
(lanes 1-3, 5-9, 11 and 12) show the before mentioned problems when using MspI again.  
 
Figure 23: Picture of pUC19 on agarose gel after digestion with  (A) MspI_T, MspI_N, HpaII and DrdI and 
(B)  DrdI for 5 minutes at 37 °C (M – methylated pUC19, NM – non-methylated pUC19). 
Slika 23: Agarozni gel z vzorci plazmida pUC19 po fragmentaciji z (A) MspI_T, MspI_N, HpaII in DrdI 
encimi ter (B) DrdI po 5 minutni restrikcijski reakciji pri 37 °C (M – metiliran pUC19, NM – nemetiliran 
pUC19). 
In order to test the activity of MspI_T, plasmid pEPO-Fc was also digested with MspI_N. 
At the same time, we also tested different protocols for in vitro DNA methylation. 
Plasmid pEPO-Fc was methylated with three different protocols (M1, M2 and M3; 
Chapter 3.6.3) and digested with MspI_T, MspI_N and HpaII for 5 minutes and 60 minutes 
(Figure 24). Digestion profiles of all the included enzymes did not show intra experiment 
variance if the plasmid was methylated with different protocols (M1, M2 and M3) (Figure 
24). In this experiment we also tested the digestion of pEPO-Fc with MspI_N enzyme. 
From both gel pictures (Figure 24A and B) it is seen that the digestion pattern of both MspI 
enzymes (MspI_T and MspI_N) is the same for both digestion incubations (lanes 1, 3, 4, 6, 
7, 9, 10 and 12). As a standard for digestion of pEPO-Fc we took the digestion of 
non-methylated pEPO-Fc digested HpaII (lane 5). All the samples digested with MspI 
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enzymes for 5 minutes, have an additional band at 1500 bp, which is absent for the 
standard sample (lane 5) and for all the samples with prolonged digestion (Figure 31A). 
Due to these results, all of the digestion reactions that followed with MspI and HpaII 
restriction enzymes, were incubated at 37°C for 60 minutes and in vitro methylation 
protocols were done according to the M1 protocol. As for the settings, there was no 
difference between MspI_T and MspI_N enzymes, we continued the work with the 
enzyme from Thermo Fisher Scientific. 
 
Figure 24: Visualized  pEPO-Fc on  agarose gel after different in vitro DNA methylation reactions and 
enzymatic digestion with MspI and HpaII for (A) 60 minutes at 37°C and (B) 5 minutes at 37 °C (T  - Thermo 
Fischer enzymes; N - New England Biolabs enzymes, M1 - 60 minutes methylation; M2 - 120 minutes 
methylation with additional purification step; M3 - 180 minutes methylation; NM - non methylated 
pEPO-Fc; neg – negative control/not digested pEPO-Fc). 
Slika 24: Agarozni gel z vzorci plazmida pEPO-Fc po različnih reakcijah in vitro metilacije DNK in (A) 60 
minutno ali (B) 5 minutno restrikcijsko reakcijo pri 37 °C s HpaII in MspI encimoma (T – Thermo Fisher 
emcimi, N – New England Biolabs encimi, M1 – 60 minutna reakcija metilacije, M2 – 120 minutna reakcija 
metilacije z vmesnim čiščenjem vzorcev, M3 – 180 minutna metilacija, NM – nemetiliran pEPO-Fc, neg – 
negativan kontrola/nefragmentiran pEPO-Fc). 
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4.3.3 Measuring DNA concentration with DAPI fluorescent DNA dye 
DNA concentration was first measured with the spectrophotometer (NanoDropTM One 
UV-Vis Spectrophotometer), but the fluorescence of fluorescein-12-dUTP interfered with 
measured absorbance at 230 nm, 260 nm and 280 nm and the measured values could not be 
used. Therefore, DNA dyes DAPI and PicoGreenTM were used. According to ZYMO, the 
recovery of DNA after the purification using the Genomic DNA Clean & Concentrator -10 
kit, should be in the range of 70 – 95%. When we used the kit for purification of samples 
after the digestion, we observed lower recovery of DNA. From Annex I it is seen that after 
the purification of the samples, we were able to recover 58.3 - 90.3% of DNA. For a better 
accuracy of the method, it was necessary to determine the concentration of the DNA in the 
samples labeled with fluorescein-12-dUTP. For this reason, DAPI DNA fluorescent dye 
was used.  
The calibration curve with samples ranging from 0 ng to 500 ng turned out as expected and 
we were able to prepare a linear calibration curve with a R2 value of 0.9757 (Figure 25 and 
Annex J). In the experiment were also added three samples (Figure 25B – without SN, 
Annex J), each with known amount of gDNA (250 ng) and added only DAPI (SD), DAPI 
and fluorescein-12-dUTP (SDN) or only fluorescein-12-dUTP (SN). From the trend line 
equation of the calibration curve, the calculated DNA mass of the SD sample was 215.1 
ng, which showed that the DAPI protocol for DNA concentration determination could be 
optimized. Next, we compared SD, SDN and SN, which showed that staining DNA with 
DAPI is not the most suitable method to determine the amount of DNA. Even though that 
DAPI and fluorescein-12-dUTP have different excitation and emission wavelengths, 
358/461 nm for DAPI and 488/525 nm for fluorescein-12-dUTP (Figure 32), the sample 
where we added both DNA dyes had lower fluorescence intensity compared to samples 
where DNA dyes were added separately. The amount of DNA was then calculated for 
SDN which was 177.9 ng. Moreover, the fluorescence was also measured in the sample 
where DAPI was not added and contained only fluorescein-12-dUTP (SN), but the sample 
is not added to Figure 25B, because subtracting the background signal gives a negative 
value (Annex J). Comparing DAPI fluorescence intensity in SD and SDN samples did not 
indicate a consistent interference between the dyes. Because of these results we searched 
for alternatives to determine DNA concentration. 
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Figure 25: Measurements of fluorescence at 358/461 nm for samples labeled with DAPI. (A) Calibration 
curve for amount of gDNA in ng and corresponding measured fluorescence of DAPI. (B) DNA labeled with 
DAPI (SD) or DAPI and fluorescein-12-dUTP (SDN) with a mass of 250 ng. Horizontal line presents the 
expected signal calculated from the calibration curve (Figure 25A). Samples have been subtracted by the 
value of the sample without DNA.  Average values of triplicates are presented and the deviation from the 
mean is presented as standard error. Data in Annex J.  
Slika 25: Meritve fluorescence pri 358/461 nm vzorcev označenih z barvilom DAPI. (A) Umeritvena krivulja 
odvisnosti meritve fluorescence DAPI od različnih količin DNK [ng]. (B) Vzorec DNK označen z DAPI 
(SD) ali DAPI in fluorescinom-12-dUTP (SDN) z maso 250 ng. Vodoravna črta predstavlja pričakovan 
signal izračunan iz umeritvene krivulje (Slika 25A). Signalu vzorcev je bila odšteta vrednost signala vzorca 
brez dodane DNK. Predstavljene so povprečne vrednosti treh ponovitev vzorcev. Odstopanje od povprečja je 
predstavljeno s standardno napako. Rezultati meritev so predstavljeni v Prilogi J. 
4.3.4 Measuring DNA concentration using PicoGreenTM fluorescent DNA dye 
The idea for PicoGreenTM dye was to determine DNA concentration in samples labeled 
with fluorescein-12-dUTP fluorescent DNA dye. Both fluorescein-12-dUTP and 
PicoGreenTM have the same emission and excitation specters and therefore we could not 
determine which DNA dye is contributing to the fluorescence. According to the 
manufacturers, fluorescence for fluorescein-12-dUTP should be measured using excitation 
and emission wavelengths 488/525 nm and for PicoGreenTM at 480/520 nm. DNA would 
be first labeled with fluorescein-12-dUTP and after the last purification step the sample 
would be split in two and PicoGreenTM added to one aliquot. After the fluorescence 
measurements, the signal for fluorescein-12-dUTP would be subtracted from the 
PicoGreenTM aliquot and the DNA concentration could be measured. Measurements for 
fluorescein-12-dUTP would be then corrected according to the concentration values. 
First, we tested if we can form a linear calibration curve with different amounts of DNA.  
From Figure 26A (Annex K1) it is evident that a linear calibration curve can be established 
with a R2 value of the calibration curve of 0.9736. Two samples with a known DNA mass 
(200 ng) and different digestion level were added to test the accuracy of the method. 
Calculated from the trend line equation, the samples should have 246.28 ng (M_HpaII) and 
114.69 ng (NM_MspI) DNA respectively. The only difference between the samples for the 
calibration curve and M_HpaII, was that the sample was methylated and should not be 
digested. In that case, the methylation might influence the measured higher fluorescence. 
Compared to the NM_MspI sample, the difference was that gDNA was digested, which 
could have caused lower fluorescence. Comparing these two samples, difference in level of 
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DNA methylation and digestion gave a 2-fold higher fluorescence measurement. This 
shows that fragmentation of DNA influences measured fluorescence and that PicoGreenTM 
cannot be used to measure DNA concentration in our case, but it could be another way to 
measure DNA fragmentation. To further test this assumption, a calibration curve with 
differentially fragmented DNA samples was made (Chapter 4.4). 
 
Figure 26: Measurements of fluorescence at 480/520 nm for samples labeled with PicoGreenTM. (A) 
Calibration curve for amount of gDNA and corresponding measured fluorescence. (B) Samples M_MspI 
(methylated gDNA digested with HpaII) and NM_MspI (non-methylated gDNA digested with MspI) with a 
DNA mass of 200 ng. Horizontal line presents the expected signal calculated from the calibration curve.  
Average values from triplicates are presented and the deviation from the mean is presented as standard error. 
Data in Annex K1. 
Slika 26: Meritve fluorescence pri 480/520 nm vzorcev označenih z barvilom PicoGreenTM. (A) Umeritvena 
krivulja odvisnosti intenzitete fluorescence od količine DNK. (B) Vzorca M_MspI (in vitro metilirana DNK 
in fragmentirana s HpaII) in NM_MspI (nemetilirana DNK fragmentirana z MspI) s poznano količino DNK, 
200 ng. Vodoravna črta predstavlja pričakovani signal izračunan iz umeritvene krivulje. Prikazane so 
povprečne vrednosti treh ponovitev vzorca. Odstopanje od povprečja je predstavljeno s standardno napako. 
Rezultati so predstavljeni v Prilogi K1.  
4.4 PicoGreenTM FOR DIGESTED DNA 
As observed before, DNA digestion influences DNA staining with PicoGreenTM DNA 
fluorescent dye (Figure 27). A series of DNA samples with DNA fragmentation in the 
range from 0% to 100% were prepared. All samples had the same amount of DNA 
(100 ng). For previous experiments where calibration curves for DNA concentration or 
DNA methylation were made, also samples for which we knew the DNA concentration or 
DNA methylation were added. To this experiment, a sample with known DNA 
fragmentation was not added. From Figure 27 we can see that the fluorescence intensity of 
PicoGreenTM changes with changing levels of DNA fragmentation (raw data in Annex K2) 
linearly with a high R2 value. From the figure it is evident that there is a connection 
between different levels of DNA fragmentation and the fluorescence intensity of 
PicoGreenTM. 
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Figure 27: Fluorescence measurements at 480/520 nm of samples with different levels of digestion (0-100%) 
and stained with PicoGreenTM. Average values of triplicates are presented and the deviation from the mean is 
presented as standard error. 
Slika 27: Meritve fluorescence pri 480/520 nm vzorcev z različnimi nivoji fragmentacije (0-100%) 
obarvanimi z barvilom PicoGreenTM. Predstavljene so povprečne vrednosti treh ponovitev vozorca. 
Odstopanje od povprečja je predstavljeno s standardno napako.  
4.5 MEASURING DNA METHYLATION WITH MethylFlashTM GLOBAL DNA 
METHYLATION (5-mC) ELISA EASY KIT (COLORIMETRIC) 
The ELISA kit was used to determine the level of methylation of pUC19 samples 
methylated from 0 to 5%. Samples to prepare 5-mC calibration curve (0.1% to 5%) were 
provided by the manufacturer, which is presented in Figure 28 and Annex L1. As the 
signal intensity was saturated at 5-mC%, the equation of the calibration curve is formed 
using a polynomial second order regression. From Equation 6 the corresponding 5-mC% of 
the tested samples was calculated (Annex L2). The aim of using this kit was to confirm the 
level of methylation of pUC19 samples methylated from 0% to 5% for which we knew the 
exact value of methylation. gDNA samples were also included, isolated from CHO 0mM 
and CHO 8mM cell lines with unknown level of methylation. We predicted that the values 
we would calculate from the provided calibration curve would correspond to the 
foreknown values of pCU19 methylation, but this was not the case as it is seen from Figure 
29 and Annex L2. The calculated percentages of DNA methylation do not follow a linear 
regression as it was expected and all samples, except the 0% methylated pUC19, exceed 
5%, which was the limit of the calibration curve. The level of gDNA methylation of the 
CHO 0mM and CHO 8mM cell calculated based on the calibration curve shows almost no 
difference, which is not what we expected. Due to deviation of the pUC19 calibration 
curve from the reference calibration curve we could not conclude if the calculated values 
of 5-mC% for the samples CHO 8mM and CHO 0mM correspond to the actual 
methylation state of these samples. For the same reason the ELISA kit was not used as a 
reference method for the determination of DNA methylation as it was expected in the first 
place. 
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Figure 28: Calibration curve of 5-mC from the ELISA kit. The regression equation is calculated using a 
polynomial second order function.  Average values of the duplicates are presented and the deviation from the 
mean is presented with standard error. 
Slika 28: Umeritvena krivulja meritev 5-mC z ELISA kitom. Regresijska enačba je izračunana z polinomsko 
enačbo drugega reda. Predstavljene so povprečne vrednosti dveh ponovitev vzorca. Odstopanje od povprečja 
je predstavljeno s standardno napako.  
 
Figure 29: Absorbance measurements (primary y axis) of pUC19 samples methylated from 0% to 5% and 
gDNA isolated from CHO 0mM and CHO 8mM. Light grey dots present the level of methylation for pUC19 
samples and dark grey squares present the calculated values of methylation calculated from the calibration 
curve for the same samples (secondary y axis). Bar plots present average absorbance of the duplicates and the 
deviation from the mean is presented with standard error. 
Slika 29: Meritve absorbance (primarna navpična os) vzorcev plazmida pUC19 z različnimi nivoji metilacije 
(0-5%) in DNK izolirane iz CHO 8mM in CHO 0mM celic. Svetlo sive pike predstavljajo nivo metilacije 
vzorcev, temno sivi kvadrati pa izračunane vrednosti metilacije iz umeritvene krivulje (sekundarna navpična 
os). Stolpčni diagrami prikazujejo povprečno meritev absorbance dveh ponovitev vzorca. Odstopanje od 
povprečja je predstavljeno s standardno napako.  
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4.6 MEASURING gDNA METYHALTION OF SAMPLES FROM THE 
CONTINUOUS CULTURE, DAC-TREATED CELLS, RESVERATROL-
TREATED CELLS AND CELLS TRASNFECTED WITH DNMTs siRNAs 
Samples which we wanted to test for changes in gDNA methylation were (a) gDNA 
isolated from the CHO 8mM and CHO 0mM cells in steady states during continuous 
culture and (b) gDNA isolated from the experiments where cells were treated with DAC, 
Resveratrol or transfected with DNMTs siRNAs. The level of gDNA methylation was 
tested by staining isolated gDNA with fluorescein-12-dUTP. The staining with the 
fluorescein-12-dUTP was done according to Table 9 (After the optimization) and the 
digestion according to the protocol in Table 7 with HpaII and a digestion time of 
60 minutes. gDNA methylation in the cells treated with DAC, resveratrol and DNMTs 
siRNA was additionally measured by staining intracellular gDNA (Chapter 3.3.2.1). The 
measurements of gDNA methylation for all three experiments are not comparable between 
the experiments, since different amounts of the primary antibody and secondary antibody 
with FITC (Table 8) were used and the difference in signal intensity is not due to different 
level of DNA methylation. We were not able to quantify the data from both methods, since 
by this time we did not completely optimize the methods. Due to this, the data is not 
certain, but it is shown here to see whether some trends in gDNA methylation were 
observed.  
Annex M and Figure 30 present the measurements of the gDNA methylation with labeling 
gDNA with fluorescein-12-dUTP. For cells cultured in continuous culture (Figure 30A) we 
can see changes in gDNA methylation between steady states of CHO 8mM continuous 
culture. The lowest gDNA methylation was measured for cells cultured at 0.36 VEX/day 
and other tested DRs for CHO 8mM cell line would indicate dynamic DNA methylation 
under different DRs. Tested DRs for CHO 0mM (0.67 and 0.68 VEX/day) were the same 
and the observed DNA methylation levels were equivalent. Although CHO 8mM and CHO 
0mM cell lines were not cultured at the same DR, if we compare measured methylation 
level, a difference between DNA methylation between cell lines is not observed. 
When cells were treated with DAC, we expected to observe lower levels of gDNA 
methylation until the end of the experiment (day 7) and no change in gDNA methylation 
for the non-treated samples (DAC-ctrl). Figure 30B does not confirm our assumptions. 
According to the figure, gDNA methylation was higher at days 1 and 7 compared to the 
control samples and gDNA methylation did not decrease gradually. Numerically, 
measurements of gDNA methylation of the samples transfected with the DNMTs siRNAs 
(Figure 30C) show lower gDNA methylation for the treated samples (siRNA) compared to 
the control samples (siRNA-neg), which was expected. In addition, for this experiment we 
expected to see gradual decrease in gDNA methylation for the treated samples (siRNA), 
which cannot be seen from Figure 30C. Moreover, a high deviation from the mean between 
the replicates can be observed, which makes the data less certain. gDNA isolated from the 
cells treated with resveratrol was not included in this experiment and therefore no data for 
influence of resveratrol on gDNA methylation is presented. 
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Figure 30: Fluorescence measurements of DNA labeled with fluorescein-12-dUTP of samples isolated from 
(A) selected steady states of the continuous cultures with CHO 8mM (0.36, 0.49, 0.63 and 0.72 VEX/day) 
and CHO 0mM (0.67 and 0.68 VEX/day), labeled with fluroescein-12-dUTP. Samples were tested in 
singlicates; (B) CHO 8mM cells treated with DAC (DAC) and control samples (DAC-ctrl), samples in 
columns 3-5 were tested in singlicates; (C) CHO 8mM cells transfected with DNMTs siRNAs (siRNA) and 
control samples (siRNA-neg), samples were tested in triplicates. Average values between 
duplicates/triplicates are presented and the deviation from the mean is presented as standard error. 
Slika 30: Meritve fluorescence vzorcev DNK izoliranih iz (A) stabilnih faz kontinuirnih kultur CHO 8mM 
(0.36, 0.49, 0.63 in 0.72 VEX/dan) in CHO 0mM (0.67 in 0.68 VEX/dan), (B) CHO 8mM celic tretiranih z 
DAC in pripadajočimi kontrolnimi vzorci (DAC-ctrl), (C) CHO 8mM celicami transfektiranimi z siRNA 
specifičnimi za DNMT (siRNA) in pripadajočimi kontrolnimi vzorci (siRNA-neg) označenih z barvilom 
fluorescein-15-dUTP. Za vzorce z označenim odstopanjem je izračunano povprečje (za vzorce B med dvema 
ponovitvama in vzorce C med tremi ponovitvmi), odstopanje od povprečja pa je predstavljeno s standardno 
napako. 
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Moreover, we tried to evaluate the level of gDNA methylation by intracellular staining of 
methylated cytosines (with primary Ab specific for 5-mC and secondary FITC labeled Ab), 
for the cells treated with DAC, resveratrol and transfected with DNMTs siRNAs (Figure 
31). With this, we wanted to confirm the data obtained from the fluorescein-12-dUTP 
method, and we wanted to see if this could also be a potential method for determination of 
gDNA methylation level intracellularly. As it is written above, the protocol was not 
optimized and therefore the data are not certain.  
When cells were treated with DAC, we expected to see a decrease in gDNA methylation 
for the treated samples (DAC) which would be most obvious at the end of the experiment 
(day 7), which is not what the collected data from the flow cytometry showed (Figure 
31A). The methylation level increased until the end of the experiment (day 7) for the 
treated samples (DAC) and control samples (DAC-ctrl). Moreover, we would expect then 
that methylation level would be lower for the treated samples (DAC) compared to control 
samples (DAC-ctrl), which was seen on days 2 and 7.  
For the cells treated with resveratrol we expected a change in gDNA methylation which 
would be again most notable until the end of the experiment (day 7). From Figure 31B we 
can see that until day 4, the level of gDNA methylation for the control samples 
(RESV-ctrl) increased and the level of methylation stayed at the same level for the treated 
samples (RESV), whereas on the day 7 the data show that the methylation was higher for 
treated samples. gDNA methylation could not be measured at day 1 because VCD of cells 
was too low for treated samples and sample was not collected.  
When CHO 8mM cells were transfected with DNMTs siRNAs we expected that gDNA 
methylation will decrease with every transfection and that methylation would be lower for 
the treated samples (siRNA) compared to control samples (siRNA-neg). From Figure 31C, 
we can see that DNA methylation did decrease until the end of the experiment (day 12) for 
“siRNA” samples, but the same trend is seen for the “siRNA-neg” samples. Measurements 
from days 8 and 12 show the expected data, lower methylation for “siRNA” samples 
compared to “siRNA-neg” samples. 
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Figure 31: Dynamics of DNA methylation in CHO 8mM cells treated with (A) DAC (DAC) and control 
samples (DAC-ctrl), (B) resveratrol (RESV) and control samples (RESV-ctrl) and (C) transfected with 
DNMTs siRNAs (siRNA) and non-transfected control samples (siRNA-neg).  Ratios between measured 
median fluorescence of FITC (measuring 5-mC) and median fluorescence of DAPI are presented. Each bar 
chart is a mean value of the triplicates. The deviation from the median is presented with standard error. 
Slika 31: Dinamika metilacije DNK vzorcev CHO 8mM celic tretiranih z (A) DAC (DAC) in pripadajoči 
kontrolni vzorci (DAC-ctrl), (B) resveratrolom (RESV) in pripadajoči kontrolni vzorci (RESV-ctrl) ter 
transfektirane CHO 8mM celice z siRNA specifičnimi za DNMT (siRNA) in pripadajoči kontrolni vzorci 
(siRNA-neg). Predstavljena so razmerja med mediane meritev fluorescence FITC (meritev 5-mC) in DAPI. 
Vsak stolpčni graf je povprečje treh ponovitev vzorcev. Odstopanje od povprečja je predstavljeno s 
standardno napako. 
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5.1 CONTINUOUS CULTURE OF CHO 8mM AND CHO 0mM CELL LINES 
From figures of the URs (Figure 9), SRs (Figure 10) and DNA methylation level (Figure 
30A) we can see that measurements of the lowest DR, 0.36 VEX/day (CHO 8mM), stand 
out or do not fit in to the sequence of the other measurements. Moreover, a notable 
decrease in VCD (Figure 8A) and viability (Figure 8B) was also observed. This could be 
due to considerable change between the previous DR (0.66 VEX/day) and 0.36 VEX/day 
(Annex O). Lowering DR for 45.4% could cause stress for cells, which induced changes in 
their activity. Moreover, when we introduced transition state, and changed DR gradually, 
in the CON4 (Annex Q), CON6 (Annex R) and CON7 (Annex S) the influence of the cell 
environment did not cause as notable effect as before. The UR of glucose and SR of lactate 
were the highest for 0.36 VEX/day. Consequently, due to higher glucose consumption cells 
produced more lactate, which has an inhibitory effect on cell culture (Ozturk et al., 1992) 
and probably caused lower viability and VCD. Although we assumed that after 5 VEX the 
content of the bioreactor will be exchanged for 96.6%, which is theoretically true, the cell 
environment did change and only 3.4% of cells from the previous steady state remained in 
the bioreactor. But as it is known, changes in genome and epigenome, that influence cell 
activity, are heritable from cell to cell (Feichtinger et al., 2016), which might cause the 
changes in genome and epigenome that occurred before 5 VEX and still influenced cell 
activity in the next DR.  
Comparing other DRs, the difference in growth was observed for CHO 8mM cell line. 
Growth rate in continuous culture is equal to steady state DR (Doran, 2004), but it appears 
that higher DR significantly promotes higher VCD and viability. This could be explained 
by a sufficient supply of nutrients and low concentration of toxic by-products (such as 
lactate or ammonium) at high DR. When the DR is reduced, cells continue growing at a 
higher rate until growth becomes limited by low substrate or high by-product 
concentration. Afterwards the growth rate stabilizes at the value of DR, but VCD and 
viability might be negatively impacted. The opposite happens when dilution rate is 
increased. Changing DR did not cause significant changes in UR of glutamic acid (Figure 
9A), glucose (Figure 9B) and glutamine (Figure 9C) and SR for lactate (Figure 10A) and 
ammonium (Figure 10B) for CHO 8mM cell line, since the linear regression model did not 
show correlation. Although the correlation was not confirmed, we can see from the graphs 
that with higher DR, glutamic acid was not consumed but secreted, more glutamine was 
consumed and more ammonium was secreted. Other metabolites, glucose, and lactate 
appeared to remain stable through all of the DRs. Increased glutamine uptake promoted 
cell growth which was seen in higher VCD and viability. With higher glutamine 
consumption also ammonium production increases which has a negative effect on cell 
growth (Jeong and Wang, 1995), but in our case the ammonium concentration did not 
reach the point where it would have negative effect on cell growth. Concentration of 
ammonium in cell culture can also increase due to glutamine decomposition (Schneider et 
al., 1996), but we can see from Annex N, that in our case glutamine did not degrade in the 
inlet media, which did not cause higher ammonium concentration in culture. Glutamine is 
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in cells converted to glutamic acid in glutaminolysis pathway. The conversion leads to 
formation to α-ketoglutarate, which produces two molecules of ammonium (Ahn and 
Antoniewicz, 2012). Higher production of glutamic acid and ammonium could be 
explained by this, since we observed higher consumption of glutamine. On the other hand, 
lactate is produced through metabolism of glucose (Xu et al., 2016). This supports our 
results since we observed mainly stable UR of glucose and SR of lactate. 
Due to difference between calculated DRs and DRs set at the beginning of the bioprocesses 
(Table 11), CHO 8mM and CHO 0mM cell lines were not compared at one DR, but an 
overall difference between cell lines was taken under consideration. Both cell lines did not 
appear to have different growth in continuous culture, comparing measurements of VCD 
(Figure 8A) and viability (Figure 8B). In previous studies, when CHO 0mM cell line was 
grown in batch culture, in the exponential phase CHO 8mM grew faster but CHO 0mM 
cells grew to higher cell densities and also maintained higher viability for longer period in 
the culture (Hernández Bort et al., 2010). Cell growth in media without glutamine is 
promoted due to lower production of ammonium (Jeong and Wang, 1995), but as we can 
see from the results, we did not observe difference in cell growth between cell lines despite 
lower production of ammonium (Figure 10B). 
We can see difference on the level of consumption and secretion of metabolites. The UR of 
glutamic acid is for CHO 8mM cell line around 0, which means that it can be both up taken 
or secreted, but CHO 0mM cell line only consumed glutamic acid (Figure 9A). Our data 
can be compared to results from Hernández Bort et al. (2010) for cells grown in 
exponential phase. In continuous culture cell culture is kept in exponential phase, therefore 
it can be comparable to exponential phase of batch process. In their study, CHO 8mM 
almost did not consume glutamic acid, CHO 0mM cell on the other hand did have higher 
consumption of glutamic acid in exponential and stationary phase. The consumption of 
glucose was the lowest for CHO 0mM cell line (Figure 9B), but the difference between cell 
lines is lesser compared to the difference observed for UR of glutamic acid, moreover, 
CHO 0mM cell line secreted less lactate (Figure 10A). In previous study, CHO 0mM cell 
line consumed less glucose in the exponential phase and the rate of lactate secretion was 
also lower, which also occurred in our experiment. From the study, glucose consumption 
and rate of lactate secretion in stationary phase was comparable with CHO 8mM cell line, 
for which they concluded that the cells did not have more efficient utilization of glucose. 
Since in our case lower glucose consumption was accompanied with lowers lactate 
production, we can assume that also in our case CHO 0mM cells did not have more 
efficient usage of glucose. They also observed difference in ammonia production where 
production was lower in the exponential phase, but final concentration was comparable to 
CHO 8mM cell line. Our results also show lower secretion of ammonium for CHO 0mM 
cell line (Figure 10B). As mentioned above, glutaminolysis produces two molecules of 
ammonia (Ahn and Antoniewicz, 2012). CHO 0mM does not produce glutamic acid from 
glutamine but it uses the one supplied in the media. Due to this, we can explain that lower 
measured ammonium production was due to exploitation of different metabolic pathways. 
In the study of Hernández Bort et al. (2010), adaptation was made in increased 
consumption of glutamic acid, aspartate and asparagine and decreased uptake of alanine 
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and glycine. We do not know how the metabolism of other amino acids changed since the 
samples for amino acid metabolism were not further evaluated by the time.  
To obtain more accurate data of the metabolites in the steady states, the data were 
corrected with reference media (Chapter 3.2.6). Gradual concentrations of glutamic acid 
and glucose were not included to the reference media but for the measurements of the UR 
and SR we did not take the concentration in the inlet media but we calculated the 
concentration form the measurements of 1:1 dilution of the reference media. With this, we 
tried to minimize the measurement error of the bioanalyzer. A better way to minimize the 
measurement error would be to consider the matrix effect. Matrix effect is a “combined 
effect of all components of the sample other than the analyte on the measurement of the 
quantity” (Guilbault and Hjelm, 1989). Considering this, we could take into account how 
concentrations of ammonium, lactate and glutamine change compared to real 
concentrations and with this we could predict the real concentrations of glutamic acid and 
glucose in the bioreactor. 
5.1.1 DNA methylation in continuous culture 
Mainly we were interested in gDNA methylation in the continuous culture in different 
steady states that differ in DRs. We tested samples from four steady states of different 
dilutions for CHO 8mM cell line (0.36, 0.49, 0.63 and 0.77 VEX/day) and two for 
CHO 0mM cell line (0.67 and 0.72 VEX/day) (Figure 30A). According to the figure, 
CHO 8mM cells in DR 0.36 VEX/day had the lowest level of gDNA methylation and 
CHO 8mM cells in DR 0.49 VEX/day had the highest level of gDNA methylation. 
Other measurements for CHO 8mM cell line, showed that DNA methylation possibly 
changes under different DRs. The reason that measurements of 0.39 VEX/day has the 
lowest DNA methylation could be connected to the extreme culture conditions to which 
these cells were exposed when we lowered the DR from 0.66 VEX/day down to 
0.36 VEX/day. 
We were expecting to observe a change in gDNA methylation level between DRs, since 
other studies also show that gDNA methylation changes under different culture conditions 
(Feichtinger et al., 2016). Comparing CHO 8mM and CHO 0mM cell did not show a 
difference in DNA methylation level, which was not expected since we were able to show 
a different methylation level between these two cell lines (Figure 30A) and moreover, 
CHO 0mM cell line is known to have lower gDNA methylation level compared to 
CHO 8mM cell line (Feichtinger et al., 2016). Therefore, due to only one sample per DR 
and previously described difficulties we were facing with our method, these results are not 
certain. 
5.2 TREATMENT OF CHO CELLS FOR CHANGED DNA METHYLATION 
The experiments where we treated cells with DAC, resveratrol and transfection with 
DNMTs siRNAs (chapters 3.3 and 4.2) were included because we were interested in the 
effect of these approaches on DNA methylation and cellular phenotype. At the same time, 
we wanted to provide samples with different levels of gDNA methylation, with which we 
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could test the method we were developing for detection of global DNA methylation in 
CHO cells. From the data obtained by labeling DNA with fluorescein-12-dUTP we did not 
make any certain conclusions since the sample sizes were not consistent (tested in 
singlicates, duplicates or triplicates) and previous difficulties with the method – uneven 
DNA concentration, high SE between replicates, problems with restriction and methylation 
protocols. Staining intracellular DNA was included because we were interested in seeing if 
this method could be another option for determination of gDNA methylation and to include 
a control method for our method with fluorescein-12-dUTP. Moreover, the method for 
intracellular staining of methylated gDNA also did not bring definite answers on the level 
of gDNA methylation in the tested samples. 
According to the literature, treating cells with DAC and transfection with DNMTs siRNA, 
leads to a demethylation of the genome and therefore changes in the expression profile 
(Hagemann et al., 2011; Lai et al., 2017). We expected both approaches to influence 
gDNA methylation by obstructing the activity of DNMTs. Due to the importance of gDNA 
methylation on the expression of genes, the change could cause global changes which 
could be seen on cell phenotype. The effect of resveratrol on DNA methylation and 
phenotype is not certain due to discordant findings in previous researches (Kala et al, 2015; 
Kala et al., 2016; Lubecka et al., 2016). Still, its pleiotropy was proven (Khan et al., 2016), 
which is mainly modulated through an antioxidant and anti-inflammatory effect, which can 
improve cell viability and reduce ROS production in oxidative conditions. Under these 
conditions, it can improve the expression and activity of DNMTs, which leads to higher 
methylation (Maugeri et al., 2018).  
Our experiment confirmed that treating cells with 1 µM DAC daily, does influence cell 
growth after 7 days of treatment (Figure 11). The measured cell viability for the treated 
cells was lower compared to the control samples. Furthermore, the treated cells grew to a 
lower cell density, the growth rates calculated in the exponential phase were lower. 
This indicated that cells treated with DAC had arrested cell division, which led to lower 
VCD. Our results were also confirmed to be statistically significant using the t-test and it 
confirms our expectations that DAC in the cells causes changes that influence cell growth. 
On the DNA methylation level, measurements of isolated gDNA samples and intracellular 
staining did not give us uniform results (Figures 30B and 31A). Figure 30B indicated 
higher DNA methylation at the end of the experiment, whereas Figure 31A shows the 
opposite. Moreover, the data is also not consistent at other measured time points. Due to 
this, we cannot conclude how DNA methylation changed under DAC treatment, and 
moreover, it is not certain whether observed changes in cell phenotype occurred due to 
changes in DNA methylation or due to cytotoxicity of DAC itself.  
In the study of Jung et al. (2007) and Hageman et al. (2011) they tested different dilutions 
of DAC, where they saw that DNA methylation and concentration of cells in culture 
gradually decreases with increasing concentration up to 1 µM but increasing concentration 
to 10 µM does not decrease methylation any further. Moreover, they used different cells, 
human gastric adenocarcinoma cell lines and human colon carcinoma cells, therefore their 
findings cannot be projected to our experiment with any certainty. In the study of 
Hagemann et al. (2011), DNA methylation stabilized after 24 hours of treatment with 1 
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µM DAC. We measured DNA methylation after 20, 94 and 158 hours after the start of the 
experiment. This might be the reason for not consistent measurements, which could 
indicate that at the points of DNA methylation measurement, it could be already stabilized 
and if we had included a sample from the beginning of the experiment, the measured 
methylation would be considerably higher. Although measurements from Figure 31A do 
not show the same level of DNA methylation, but the reason for this might be the problems 
described earlier (chapter 4.3 and 5.3) which caused high deviation of the replicates.  
Since DNMTs siRNAs specifically target DNMTs we assumed that it would have a 
considerable effect on the level of DNA methylation and consequently we were interested 
in observing possible changes on cell phenotype. The controls that we included to the 
experiment confirmed that the transfection itself or introduction of foreign small RNAs did 
not influence cell growth (siRNA-Neg) and that the observed differences were due to 
transfection with DNMTs siRNAs (siRNA-Death). The aim to transfect cells three times 
each 4th day was to observe the differences in cell growth and DNA methylation if DNA 
methylation is disturbed for a longer period. Normally, after the transfection the effect of 
introduced siRNA is maintained for approximately 7 days for rapidly dividing cells 
(Bartlett and Davis, 2006). This is due to dilution of intracellular siRNAs by cell division, 
which is a major limiting factor for the duration of gene silencing by siRNAs 
(Zimmermann et al., 2006). We repeated transfection after 4 days of the previous 
transfection to make sure that the amount of siRNAs in the cells was high enough for 
efficient gene silencing. Previous data showed that mRNA levels of DNMT in CHO 
regenerated after 4 days (Weinguny, private communication). We expected to observe the 
highest differences compared to the negative control (siRNA_neg) after the third 
transfection. Cell viability and ACD (Figure 16A and Annex D) did not differ from the 
control samples and it was consistent for all three transfections. On the other hand, VCD 
(Figure 16C) did differ from the control samples. After the second and the third 
transfection, cells grew slower with lower VDC and lower growth rates (Figure 17) which 
confirms that growth was influenced by the transfection with the DNMTs siRNAs, 
although the data was  not statistically significant. Our results show that treating cells with 
DNMTs siRNAs influences proliferation of the treated cells as it was also confirmed by 
Lai et al. (2017). Measurements of DNA methylation are more consistent for the 
transfected samples compared to the cells treated with the DAC. Data from Figures 30C 
and 31C show that the level of DNA methylation was lower for the samples transfected 
with DNMTs siRNAs compared to the control samples after the 2nd and the 3rd 
transfection, which is in accordance with our expectations. However, results of 
measurements after the 1st transfection are not consistent and we cannot conclude if DNA 
methylation changed after the 1st transfection. Since we observed changes in growth rates 
after the 2nd and the 3rd transfection we could assume that these changes were due to 
lower level of DNA methylation.  
Although DAC and DNMTs siRNAs target DNA methylation directly, a different effect on 
cell phenotype can be observed. From the study of Jung et al. (2007), we can see that both 
approaches caused lower DNA methylation, but at the same time DAC caused significant 
DNA damage accompanied with lower cell viability compared to cells transfected with 
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DNMTs siRNAs. We cannot certainly say to what extent DNA methylation was affected 
by the mentioned treatments, but we can see from our results that cell growth was more 
affected by treatment with DAC, which could indicate that it has a broader cytotoxic effect 
on cells. 
The effects of resveratrol on the cell phenotype was seen for viability of the culture (Figure 
13), where culture treated with resveratrol had higher viability compared to the control 
samples.  This is consistent with the research of Maugeri et al. (2018). Although, during 
the experiment cells grew slower (Figure 14A), at the end of the experiment a change in 
VCD was not observed. DNA methylation level was measured only by intracellular 
staining (Figure 31B), which showed a lower level of DNA methylation during the 
experiment, but a significant change was not seen. This still indicates that resveratrol did 
cause a change in DNA methylation. Slower growth of cells during the experiment was 
caused because of the addition of the chemical, which could also result in lower DNA 
methylation and higher viability joined with the same cell density at the end of the 
experiment could be due to adaptation to added resveratrol. Maugeri et al. (2018) showed 
that resveratrol increases expression of DNMTs, which was accompanied with higher 
viability of the culture. This could also be the case in our experiment and higher level of 
DNA methylation after 158 hours of the experiment could be due to increased expression 
of DNMTs. It was observed before, that treating cells with resveratrol does not have the 
same effect on all cell lines (Kala et al., 2015). The reason for this might be, that compared 
to DAC, which targets DNA methylation directly (Schermelleh et al., 2005), resveratrol 
has pleiotropic activities and the exact mechanisms are unknown (Khan et al., 2016), 
which might be the reason that it does not have a uniform effect on different cell lines. 
5.3 DNA METHYLATION METHOD 
To establish a protocol to determine and quantify the level of DNA methylation the 
TUNEL kit was used. This kit is generally used to determine apoptotic cells in cell culture. 
It is a fast and easy tool for apoptosis detection at single-cell level or in cell culture where 
cells can be in cell suspension, formalin-fixed cells or paraffin-embedded tissue sections 
(Martínez-Botas et al., 1999; Hopkins et al., 2008; Ding et al., 2012). The basis of the kit is 
to detect DNA fragmentation, which is an important biochemical hallmark of apoptosis on 
a cellular level (Oberhammer et al., 1993). DNA fragmentation is then measured by 
catalytical incorporation of fluorescein-12-dUTP at the 3-OH DNA ends using the enzyme 
rTdT, which forms a polymeric tale (Gavrieli et al., 1992). DNA labeled with 
fluorescein-12-dUTP can be visualized by fluorescence microscopy or quantified by flow 
cytometry (Martínez-Botas et al., 1999; Hopkins et al., 2008).  
We were expecting to distinguish different DNA methylation levels by digesting DNA 
with HpaII and MspI restriction enzymes and DNA fragments labeled with 
fluorescein-12-dUTP. In CHO cell lines, 55-65% of all CpG islands are fully methylated 
and 15-20% are fully demethylated (Feichtinger et al., 2016). For this reason, HpaII can 
digest less recognition sites compared to its corresponding restriction pair MspI. From the 
experiments with restriction reactions where both enzymes were included the difference is 
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clearly seen (Figure 18), which confirms that this method is a potential way to determine 
DNA methylation. As we do not know the proportion of the recognition sites in the whole 
genome it cannot represent the DNA methylation of the whole genome but it can be an 
estimation. However, since the recognition site of the MspI and HpaII restriction enzymes 
is short (4 bp), it can cover a high enough percentage of the genome for methylation 
deduction.  
From our experiments, we were able to distinguish between samples digested with HpaII 
and MspI restriction enzymes. In all experiments, the signal from the DNA digested with 
MspI was higher, compared to digestion with HpaII (Figure 18). This confirmed that we 
can use fluorescein-12-dUTP to distinguish between different levels of fragmentation of 
the DNA. According to the study by Feichtinger et al. (2016), CHO 0mM has 20% of all 
CpG islands hypomethylated and 55% hypermethylated. Compared to this, CHO 8mM has 
around 16% of the mentioned regions hypomethylated and around 62% of the regions 
hypermethylated. From the Figure 19 we can also see that CHO 8mM and CHO 0mM cell 
lines have different level of methylation according to the mentioned study. Moreover, 
different average signal for cells treated with DAC and control samples (Figure 20) was 
observed, but due to overlapping SEs, we cannot draw conclusions on the level of DNA 
methylation. 
During the optimization of the methods, we were facing several problems. From the 
experiments mentioned above, we can see that determining the level of DNA methylation 
by staining DNA with fluorescein-12-dUPT is possible, but the method needs further 
improvement. The problem we were facing was that the experiments were not repeatable in 
the sense of fluorescence intensity. This does not present a problem if we want to 
qualitatively compare samples intra-experimentally. For this we do not need to determine 
the exact value of the methylation level, but we can compare samples in percentages. To 
compare samples inter-experimentally, a calibration curve for different levels of DNA 
methylation should be included in each experiment. Moreover, this should also be done if 
we want to quantify the results of each experiment. The variance between the replicates 
was also high in most of the cases, which causes uncertainty of the results and does not 
give statistically significant data. The variance originates most likely from varying DNA 
concentrations of the samples. The amount of DNA was normalized to the same amount 
(500 ng) before every labeling of the DNA with the fluorescein-12-dUTP and all of the 
samples were labeled in the same way. Because fluorescein-12-dUTP emits fluorescence 
even if it is not bound to the DNA, a purification step was required after the DNA was 
labeled. In each of the purification steps, 58.3-90.3% of DNA was recovered (Annex I). If 
samples with the same DNA methylation have different DNA concentration, then also 
different amount of fluorescein-12-dUTP will be bound, which will give different 
intensities of fluorescence and could lead to false results. For this reason, it would be 
necessary to quantify the DNA concentration in the samples labeled with 
fluorescein-12-dUTP. This is an important part of the protocol but it was not achieved 
during the presented experiments here.  
In the original TUNEL kit protocol, the rTdT enzyme was inactivated by 20-minute 
incubation at 65 °C and with the addition of 1 mL of 20 mM EDTA. Since the samples 
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were purified right after the staining reaction the rTdT enzymes was removed anyway 
which also made the inactivation step unnecessary. This was beneficial for the course of 
the method, since it reduced the time of the protocol by 30-minutes. In the experiments 
presented with Figures 18 and 19, the amount of reagents used for staining DNA with 
fluorescein-12-dUTP was according to the original TUNEL protocol (Table 9, Before the 
optimization). For the experiment presented in Figure 20, the amount of reagents was 
halved (Table 9, After the optimization). If we take into account the fluorescence intensity 
of the control samples, there is no observed correlation if different volumes of reagents 
were used. If we aimed to reduce the costs of the method, the next step would be to make a 
series of experiments with even lower amounts of reagents. Since we used a considerate 
lower amount of DNA compared to the original TUNEL protocol for intracellular staining 
of DNA, we assume that the volume of reagents could be reduced down to 20% and should 
still present enough fluorescein-12-dUTP to stain the whole sample. At the same time, this 
would require optimization of the reaction and measurement of the fluorescence. This 
reduction is based on calculation that one CHO cell contains 5.4 pg of DNA (Maccani et 
al., 2013) and the TUNEL kit recommends using 3-5x106 cells for the amount of reagents 
written in Table 9 (Before optimization). Compared to the amount needed for the protocol, 
we used approximately 2.5% (500 ng) of the needed DNA, which shows that also the 
amount of reagents can be reduced. Since recommended amount of the rTdT enzyme is 1 
µL, using considerably smaller amount of the enzyme might result in pipetting errors or 
too diluted reaction mix, therefore we assume that possible reduction could be down to 
20% of recommended volumes. 
5.3.1 DNA methylation calibration curve 
As mentioned before, to quantify the level of DNA methylation, a DNA methylation 
calibration curve needs to be included in the experiment. We confirmed that a DNA 
methylation calibration curve with samples labeled with fluorecein-12-dUTP can be made. 
The problem we were facing was that the linearity of the curve was not as linear as we 
predicted it would be (Figure 21A). Again, we assumed that the problem originates from 
uneven concentrations of DNA in the labeled samples. To confirm that the DNA digestion 
with the restriction enzyme HpaII and MspI can give a linear signal, the digested pUC19 
samples were amplified with qPCR. The region that was amplified with the primer pair 1 
contained the restriction site HpaII. If the cytosine in the recognition site was methylated, 
HpaII did not cut DNA and the region was amplified. If the cytosine was not methylated, 
the opposite happened and the amplification did not happen. If the level of methylation in 
the sample was lower, the signal obtained from the qPCR was lower and higher if the level 
of methylation was higher. Results from the qPCR (Figure 21C) showed better linearity, 
from which we concluded that a DNA methylation calibration curve with DNA digested 
with HpaII and labeled with the fluorescein-12-dUTP, can show better linearity. 
The reason the first calibration curve was not as linear as the one obtained from qPCR was 
due to high variance between replicates, for which we predicted as written above that it is 
because of different DNA concentration in the labeled samples. 
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There are also other methods available, for quantification of DNA methylation in specific 
DNA regions that use HpaII and MspI restriction enzymes for calculation of 5-mC 
percentage (Takamiya et al., 2006). One of the available kits from Thermo Scientific 
(EpiJET DNA Methylation Analysis Kit (MspI/HpaII), #K1441) uses both enzymes for 
digestion, followed by qPCR reaction, where the target region is amplified, and then the 
level of 5-mC methylation is evaluated. The same approach was used for testing our 
method when we tried to determine the level of DNA methylation of the differently 
methylated samples of pUC19, but the method cannot be scaled on the whole genome 
since qPCR amplifies only certain regions in the genome.  The problem we would face 
here is primer development for the whole genome. The approach would in principle be 
possible, but not feasible from the point of workload, time and costs. Level of DNA 
methylation could also be determined if DNA was first digested with HpaII enzyme, 
digestion evaluated and then an additional digestion with MspI followed, which would 
show complete digestion of the sample. The proposed approach was described in the paper 
of Hashimoto et al. (2007), where the methylation index was calculated using 
measurements of DNA digested with both enzymes and adjusted with the amount of input 
DNA. We did not test this approach because we experienced high losses of DNA (Annex I) 
with our DNA purification kit and therefore we would need larger amounts of starting 
material, an accurate method to determine DNA concentration between the digestion steps 
or a different DNA purification kit. 
5.3.2 Testing protocols for DNA methylation and digestion with restriction enzymes 
From the experiments where we compared digestion of methylated and non-methylated 
plasmids pUC19 and pEPO-Fc with the restriction enzyme MspI (Figures 22, 23 and 24), it 
was seen that MspI is not completely independent of DNA methylation. When DNA was 
digested with MspI additional bands were seen on the agarose gel. These bands were 
absent if non-methylated DNA was digested with MspI or HpaII. Even if we prolonged the 
digestion time, the digestion was not complete. For this reason, we tested MspI from a 
different provider (New England Biolabs), but were still not able to achieve complete 
fragmentation with the MspI restriction enzyme (Figure 23A). According to a previous 
study on MspI digestion activity it is shown that the digestion is different for different 
methylation patterns of cytosines in the recognition site (CCGG). In theory, CCGG 
restriction motif can result in 10 different forms when it is methylated with 
5-methylcytosine. DNA is cut on both strands with MspI if cytosines are not methylated 
(CCGG) or if only the second cytosine is methylated (CmCGG) on one or both strands. 
If the first cytosine is methylated (mCCGG) or if both cytosines are methylated (mCmCGG) 
then only a slow nicking occurs on the non-methylated strand. In other combinations of 
methylation, MspI enzyme does not cut DNA. In addition, for HpaII a slow nicking of 
non-methylated strand is seen when methylation occurs only on one strand (mCCGG, 
CmCGG or mCmCGG) (Fulneček and Kovařik, 2014).  
Moreover, the different electrophoresis profiles we observed when pUC19 was digested 
and loaded on to the gel, might be due to different structures of the plasmid. From Figure 
23B, we can see that the electrophoresis profile of pUC19 digested with DrdI, corresponds 
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to the expectations (bands in the size of 817 bp and 1867 bp). On the same gel a non-
digested pUC19 was also loaded, which showed a band around 2000 bp. Since the whole 
length of the plasmid is 2686 bp, this could not correspond to the plasmid in linear form 
but it was most probably circular and coiled to some extent, which caused it to migrate 
faster through the gel (Schmidt et al., 1999). However, we observed that the 
electrophoresis pattern of the pCU19, differentiated (Figure 23A) from the first digestion 
(Figure 23B). At the beginning of the experiments with the plasmid pUC19, we transfected 
bacteria E. coli, tested if the transfection was successful and stored transfected E. coli at 
-80 °C. Every time we needed additional pUC19, we grew E. coli in the media and isolated 
the plasmid. Due to regular handling of the transfected bacteria, thawing and freezing this 
could be the source of observed changes of the sample for which we assumed that is the 
plasmid pUC19. If we compare non-digested pUC19 from both experiments (lanes 2 and 4 
on Figure 23B; lanes 5, 6, 11 and 12 on Figure 23A), we can see that the electrophoresis 
patterns differ. On Figure 23A there are two bands observed, one at around 2200 bp which 
could correspond to circular coiled structure. The other band is seen around 5000 bp which 
does not correspond to any structure of the plasmid that could occur (nicked, linear or 
supercoiled) since all of them should appear on the gel around 2500 bp or lower due to 
faster migration through the gel (Schmidt et al., 1999). The structure of the DNA can 
influence the successfulness of the digestion reaction, for which we thought might also be 
a reason for incomplete digestion with the enzyme MspI which can be seen on Figures 22, 
23A and 24. If this was also the reason in our case, we would probably also observe 
incomplete digestion with HpaII since both enzymes, HpaII and MspI, recognize the same 
sequences. For this reason, we assumed that different structures of the plasmid are not the 
reason for the malfunction of the MspI enzyme. To circumvent the problem with the 
pCU19 plasmid, we used the pEPO-Fc plasmid for the next experiments.  
Due to observed possible malfunction of the MspI enzyme we theorized that incomplete 
methylation might be the cause for incomplete digestion. According to the literature, 
during in vitro DNA methylation, the donor or the methyl group, SAM, a byproduct SAH 
(S-adenosyl-L-homocysteine) is formed which inhibits methyltransferases and can cause 
incomplete DNA methylation (Lee and Zhu, 2006). For this reason, we tested different 
reaction protocols for in vitro DNA methylation. In Figure 24 we can see that changing the 
methylation protocol did not improve the digestion of the plasmids with the MspI enzymes. 
Although from Figure 24 additional band at 1500 bp in lanes 7 and 10 (5 minutes digestion 
with MspI, M2 and M3 protocols for in vitro methylation) is still visible for which we do 
not know the reason. Since changing the in vitro methylation protocol did not show 
improvement, all of the experiments were done according to the recommended protocol 
(M1 protocol, Table 8) from New England Biolabs.  
After the testing of the restriction enzymes and in vitro DNA methylation protocols, we 
saw that both MspI enzymes, from Thermo Fisher Scientific and New England Biolabs, 
have the same digestion activity. For this reason, we continued our work for DNA 
digestion with the MspI enzyme from Thermo Fisher Scientific, since HpaII was from the 
same provider. Our results were not consistent with the recommended protocol for the 
digestion with the restriction enzymes from Thermo Fisher Scientific. Our digestion 
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patterns visualized with gel electrophoresis (Figure 24) show that the digestion is more 
efficient if the digestion length is prolonged to 60 minutes, which is the reason we applied 
a longer digestion time for the last experiments with samples from continuous culture and 
cells treated with DAC, resveratrol and cells transfected with DNMTs siRNAs. 
5.3.3 Measuring DNA concentration 
We observed that the loss of DNA when DNA was purified with the Genomic DNA Clean 
& Concentrator -10, was greater as it was stated in the manuals of the kit. The data 
presented in the Annex I, are measurements after the digestion with the restriction 
enzymes, but we assumed that the same occurred in the purification after the labeling with 
the fluorescein-12-dUTP. This was a possible major source of variation in our samples and 
it presented a need to establish an additional step in our method for the determination of 
DNA methylation, with which we would be able to measure exact concentration of DNA 
in the samples after labeling with fluorescein-12-dUTP. In all of the experiments, DNA 
concentration was measured with the spectrophotometer, but due to interference of the 
fluorescein-12-dUTP we could not obtain measurements of absorbance of labeled samples. 
For this reason, we tested if DNA labeled with fluorescein-12-dUTP could be measured 
with either DAPI or PicoGreenTM.  
The calibration curve obtained with DAPI (Figure 25A) was linear and we were able to 
determine approximate DNA concentration. Still, we observed that it could not be used, 
because the interference in fluorescence between DAPI and fluorescein-12-dUTP was 
observed. The sample to which we added both dyes, DAPI and fluorescein-12-dUTP, had a 
lower measured fluorescence signal, compared to the sample which was only stained with 
DAPI (Figure 25B). No further experiments were done, with which we could determine the 
extent of interference between DAPI and fluorescein-12-dUTP. If we compare the 
emission and excitation spectra of both DNA dyes (Figure 32), we can see that the 
emission from DAPI might excite fluorescein-12-dUTP, which could be the reason for 
observed lower signal when both dyes were added to the sample. Explanation for this 
could be the physical phenomenon FRET (Fluorescence Resonance Energy Transfer). 
In this, energy is transferred nonradiatively from a fluorophore donor in electronic excited 
state to an acceptor. The transfer is dependent on the overlap of the donor emission and 
acceptor absorption spectra and also on the distance between donor and acceptor 
(Jares-Erijman and Jovin, 2003). From the Figure 32 we can see that emission spectra of 
DAPI (right blue line) overlaps with excitation spectra of fluorescein-12-dUTP (left green 
line). When we measured fluorescence of DAPI, some of the energy from excited 
fluorescence was absorbed by fluorescein-12-dUTP and therefore less, excited 
fluorescence from DAPI was measured, which showed that energy was transferred from 
DAPI to fluorescein-12-dUTP. If the interference between DAPI and fluorescein-12-dUTP 
was consistent, then DAPI could still be used for determination of DNA concentration 
despite FRET. FRET is also dependent on the concentrations of donor and acceptor 
fluorophores. If the concentration of donor stays the same and the concentration of 
acceptor increases, the FRET efficiency also increases (Lunz et al., 2011). In our case, 
concentrations of DAPI and fluorescein-12-dUTP would change in samples, due to sample 
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losses in the purification step and different binding of fluorescein-12-dUTP with changing 
DNA digestion. A solution for this would be to quench fluorescein-12-dUTP before DAPI 
would be added to the samples, but this would mean higher costs and longer time of the 
method. For this reason, DAPI could not be used for accurate quantification of the amount 
of DNA in the tested samples. In the original protocol of the TUNEL kit, which is used to 
detect apoptotic cells, DAPI or propidium iodide are used to stain all the cells in a sample 
with which one is then able to distinguish apoptotic cells from viable cells. This indicates 
that under the fluorescence microscope, DAPI and fluorescein-12-dUTP can be qualified 
together, but it does not assure that also correct quantification of the signal can be made. 
 
Figure 32: Spectrogram of DNA dyes DAPI (blue) and fluorescein-12-dUTP (green). Dotted line present 
excitation peak and full line present emission peak. Picture obtained from Flurescence SpectraViewer of 
Thermo Fisher Scientific (Thermo Fisher Scientific, 2019). 
Slika 32: Spektrogram barvil DNK DAPI (modro) in fluorescin-12-dUTP (zeleno). Črtkani črti predstavljata 
eksitacijski vrh, polni črti pa emisijski vrh. Slika je bila pridobljena s Fluorescence SpectraViewer 
proizvajalca Thermo Fisher Scientific (Thermo Fisher Scientific, 2019). 
An alternative to DAPI is PicoGreenTM DNA fluorescent dye. PicoGreenTM has the same 
emission and excitation wavelengths as fluorescein-12-dUTP which could prevent its 
usage with fluorescein-12-dUTP staining. PicoGreenTM was used because it emits 
fluorescence only when it is bound to the DNA and therefore does not require an additional 
purification step. The idea how PicoGreenTM would be included was that digested DNA 
would be stained with fluorescein-12-dUTP and fluorescence measured. 
Then PicoGreenTM would be added and fluorescence measured again. We assumed that 
previously added fluorescein would not interfere, but increase the signal, adding 
PicoGreenTM and that we would be able to determine DNA concentration in the sample by 
simply subtracting fluorescein-12-dUTP fluorescence from PicoGreenTM fluorescence and 
plot the values to the calibration curve. Afterwards fluorescein-12-dUTP fluorescence 
would be normalized to the calculated DNA concentration of the samples and we would be 
able to quantitatively determine the level of DNA methylation in the samples of interest. 
Similarly, as staining DNA with DAPI, also PicoGreenTM staining appeared unsuitable for 
our method. Our method for determination of DNA methylation is based on fragmentation 
of DNA, which appeared to influence the binding of PicoGreenTM into the dsDNA. 
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We tested samples with the same DNA concentration and different levels of DNA 
digestion, but when DNA concentration was calculated from the calibration curve, the 
deviation was high (Figure 26B). These results showed us that the binding of the 
PicoGreenTM dye to the DNA is dependent on the fragmentation of the DNA, which is 
further explained in Chapter 5.4. 
5.4 PicoGreenTM FOR DIGESTED DNA 
PicoGreenTM DNA fluorescent dye was introduced into the experiments with the aim to 
determine the concentration of DNA in samples previously labeled with 
fluorescein-12-dUTP. Figure 26A shows that DNA concentration can be measured if DNA 
is stained with PicoGreenTM, but at the same time it shows that fragmentation of DNA 
influences measurements. The difference in measured fluorescence between digested 
(NM_MspI) sample and non-digested (M_HpaII) samples shows that binding of 
PicoGreenTM to DNA is affected by the level of DNA fragmentation. Sedlackova et al. 
(2013) tested the influence of DNA fragmentation on concentration measurements and 
they concluded that with increased DNA fragmentation measured DNA concentration 
decreases.  
In our experiment (Figure 27), we confirmed that the signal of PicoGreenTM fluorescence 
does change with changed DNA fragmentation, but the data are not consistent with the 
results of Sedlackova et al. Our results show that with increasing fragmentation also the 
measured fluorescence increases which is the opposite of their results. The first time when 
we observed the change of fluorescence intensity (Figure 26A), the data corresponded to 
the results of Sedlackova et al. The sample, which was digested with MspI had lower 
signal compared to the sample that was not digested, when the DNA concentration of both 
samples was the same. Due to these results, we assume that in the experiment presented 
with Figure 27, mistakes occurred, most probably the samples were mixed up and the 
sample labeled with 0% fragmentation should be the 100% fragmented sample and vice 
versa. From the paper of Sedlackova et al. and our results of digested and non-digested 
samples we would assume that labeling DNA with PicoGreenTM could be used to 
determine the level of DNA methylation, if also the restriction enzymes dependent on 
DNA methylation were used. The excited fluorescence of PicoGreenTM when it is bound to 
DNA increases for more than 1000-fold compared to unbound PicoGreenTM (Dragan et al., 
2010). This presents the advantage for labeling fragmented DNA with PicoGreenTM instead 
of fluorescein-12-dUTP because the last purification step after labeling is not needed and 
therefore we would not face the problem with different DNA concentration in the labeled 
samples, which was main source of variability between the replicates of the same samples. 
Labeling fragmented DNA with PicoGreenTM also has an advantage before labeling with 
fluorescein-12-dUTP from the perspective of costs. One sample tested with the TUNEL kit 
(fluorescein-12-dUTP) costs 10 €, which we were trying to reduce down to 2€/sample. 
Whereas, one sample labeled with PicoGreenTM costs 0.3 €. Although PicoGreenTM looks 
as a promising way to determine fragmentation and therefore DNA methylation of samples 
by the end of the experiments, this approach was not applied to our samples. 
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5.5 MEASURING DNA METHYLATION WITH MethylFlashTM GLOBAL DNA 
METHYLATION (5-mC) ELISA EASY KIT (COLORIMETRIC) 
The advantage of ELISA based methods for profiling whole genome methylation is that 
they enable an easy and quick assessment of DNA methylation. On the other hand, high 
intra- and inter-assay variability can be observed and they can be used only to assess 
bigger changes of DNA methylation (1.5-2 fold) (So et al., 2014). When gDNA 
methylation was assessed with the ELISA based kit from Epigentek similar problems 
appeared. Since only one experiment was performed we do not have data for inter-assay 
variability, but we did observe high intra-assay variability. Moreover, from previous 
experiences, this was not the first time we observed high intra-assay variability. According 
to the kit manual this can occur due to inconsistency in pipetting time or pipetting volume 
and if high variance is present between replicate samples, it could be due to uneven amount 
of DNA in the wells or DNA sedimentation in the wells. Although sample handling was 
done thoroughly, errors in mixing, pipetting or incubation times might occur, which could 
cause high variance of the duplicates. The most probable problem that we might be facing, 
was the number of samples (n = 32) which would cause that the duration for each sample 
at the certain step of the protocol was not consistent for all of the samples. 
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As it is seen from previous studies, changing cell environment causes changes in cell 
function on different cell levels, genome, epigenome, transcriptome and metabolome 
(Feichtinger et al., 2016; Vcelar et al. 2018; Hernandez Bort et al., 2012; Hernandez et al., 
2019; Hernandez-Bort et al., 2010; Jeong and Wang, 1995). Our results show that 
changing cell environment in the sense of different DR introduced changes in cell 
functioning. Different DRs present different cell environment that influences cell activity. 
Overall glucose consumption and lactate production did not change but increasing DR 
created the environment that promoted higher glutamine consumption, glutamic acid 
production and ammonium production. This was accompanied with higher VCD and 
viability which showed that changing cell environment in the sense of DR leads to changes 
in cell activity. Differences in metabolism between CHO 8mM and CHO 0mM cell lines 
were due to lack of glutamine supplement in the media, which CHO 0mM cells had to 
substitute with different metabolic pathways. As it appears from the results, cells replaced 
lack of glutamine by increasing the consumption of glutamic acid. 
Although our results showed that the level of gDNA methylation increased with lower DR, 
the samples should be evaluated with a verified method before further conclusions about 
changes in the level of gDNA methylation between different culture conditions in a 
continuous culture can be made. 
Treating cells with DAC, resveratrol and transfection with DNMTs siRNAs did provide us 
some answers to the effect on cell phenotype and DNA methylation. Treating cells with 
DAC did show that it has an effect on cell phenotype but from our data we cannot 
conclude that it was due to changes that happened on DNA methylation level. Transfection 
with DNMTs siRNAs showed lesser effect on cell phenotype and clearer effect on DNA 
methylation, which could indicate that this approach is more specific and has fewer side 
effects on cells. Compared to DAC treatment, it is more specific and it has lower cytotoxic 
effect. For resveratrol it is known that it has pleiotropic effect of cell phenotype and we can 
assume that one of the mechanisms influenced by resveratrol is also DNA methylation. 
Compared to DAC treatment and transfection with DNMTs siRNAs it possibly had a 
reversed effect, which caused better cell growth.  
We expected to see changes on the level of DNA methylation in all three experiments, 
which was achieved. Moreover, we also observed that changes also occurred on the level 
of cell phenotype. To confirm the obtained results with certainty, the experiments should 
be repeated, which would show us if we got the same data as the first time. Since these 
approaches do not modify DNA methylation in a controlled way, rather in a global, 
random way, we do not know where specifically changes occurred. Therefore, if the 
experiments were repeated, the results might not be equal to the ones obtained so far. If 
DNA demethylation occurs randomly, then after repeating the experiment, DNA 
demethylation might happen at different DNA regions, which would result in regulation of 
other genes that have different roles in cell functioning. Moreover, before DNA 
methylation is measured, the methods should first be optimized or the samples should be 
also tested with a validated method which would serve as a reference.  
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The idea of quantifying gDNA methylation with methylation dependent restriction 
enzymes and labeling formed fragments with fluorescent dye is in principle realizable 
since restriction enzymes were used for this purpose before (Kurdyukov and Bullock, 
2016). We achieved to develop the method up to the point where we were able to 
distinguish between samples digested with HpaII and completely digested samples with 
MspI restriction enzymes. In addition, minor changes in gDNA methylation were detected 
between different cell lines (CHO 8mM and CHO 0mM), cells treated with DNA 
methylation changing agents (DAC and siRNA) and between different steady states in 
continuous culture. Although the changes were observed, we were facing several 
difficulties with the protocol that made the obtained data uncertain. Among which were 
deficient activity of MspI restriction enzyme, DNA loss in the purification step and 
inability to determine DNA concentration in samples labeled with fluorescein-12-dUTP. 
We managed to overcome the problem with the MspI activity by prolonging the restriction 
reaction incubation but up to this point we were not able to include the solution for 
determination of DNA concentration in the labeled sample. This was the main reason for 
the uncertainty of the obtained data of the tested samples since the amount of DNA 
determines the quantity of the bound fluorescein-12-dUTP to the fragments of DNA and 
consequently the measured fluorescence. Moreover, we performed experiments to test 
whether the DNA dyes DAPI and PicoGreenTM could be used to measure DNA 
concentration, which also did not turn out to be applicable in our method. On the other 
hand, staining fragmented DNA with PicoGreenTM appeared to be another promising way 
to determine gDNA methylation, which would shorten the protocol of the method for 
minimum 90 minutes (depending on the amount of samples tested) and would also present 
a more affordable approach. Still in our work we only observed a possible application of 
PicoGreenTM, but further work was not done.  
Moreover, if we achieved to accurately determine DNA methylation in the samples labeled 
with fluorescein-12-dUTP and optimize the staining reaction protocol to lower volumes of 
rTdT enzyme and fluorescein-12-dUTP, then the method we set our minds on in the first 
place, could be used as an affordable method that does not require special laboratory 
equipment, and gives quantifiable data on the level of gDNA methylation in a day. We 
would introduce the method into routine work that would serve as an indication if our 
samples of interest should be further evaluated with more dedicated methods that give 
more precise data but are more expensive and require special equipment, such as bisulfite 
sequencing. 
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7 SUMMARY (POVZETEK) 
7.1 SUMMARY 
Chinese Hamster Ovary cells are an important expression system for production of 
recombinant therapeutic proteins (Walsh, 2018). The CHO family consists of different cell 
lines, for example CHO K1, CHO-DG44, CHO-DXB11 and CHO-S (Wurm, 2013). In our 
experiments, we used CHO K1 8 mM L-Gln (in the following text CHO 8mM) and CHO 
K1 0 mM L-Gln (in the following text CHO 0mM). CHO 8mM is derived from a CHO K1 
adherent cell line with adaptation to grow in suspension in chemically defined serum-free 
media and supplemented with 8mM L-glutamine. Furthermore, CHO 0mM was produced 
from CHO 8mM by gradual reduction of glutamine to be able to grow without it 
(Hernández Bort et al., 2010). 
Culturing cells in continuous cultures allows capturing cells in a steady state where all of 
the macroscopic properties of the system are not changing with time (Fernandez-de-
Cossio-Diaz et al., 2017), which allows us to study cell properties that are normally 
adapting to the changing cell environment, for example DNA methylation (Feichtinger et 
al., 2016). DNA methylation is one of the epigenetic mechanisms which regulates covalent 
addition of methyl groups to cytosines (Kurdyukov and Bullock, 2016), with a group of 
enzymes called DNA methyltransferases (Jurkowska et al., 2011). It influences gene 
expression and other aspects of genome function without changes in the DNA base 
sequence (Lister et al., 2009). Comparing CHO 8mM and CHO 0mM cell lines, the latter 
has a lower level of DNA methylation (Feichtinger et al., 2016). For evaluation of DNA 
methylation there are several methods available, each with its advantages and 
disadvantages (Kurdyukov and Bullock, 2016). However, there is no robust, suitable for 
routine use and affordable method for profiling global DNA methylation in CHO cells 
available, therefore an attempt was made to develop a method based on DNA methylation 
dependent restriction enzyme HpaII and its methylation independent isomer MspI and 
fluorescence dyeing of DNA fragments by fluorescein-12-dUTP.  
CHO 8mM and CHO 0mM cell lines were cultured in bench-top bioreactors under 
different dilution rates (DR). Bioprocesses were run at a working volume of 270 mL, 
maintained with constant outlet flow, pH 7 with automatic addition of 7.5% NaHCO3, air 
flow in the range of 0.16-1.62 mL/h (0.01-0.1 vvm), temperature at 37 °C, 30% dissolved 
oxygen and 80 rpm stirring speed. Sampling of the bioprocess was started with the 
inoculation of the bioreactor (seeding with 0.16x106 cells/mL). Samples for mentioned 
parameters, were taken on a daily basis, three times per day. CHO 8mM cell line was 
cultured at DRs 0.36, 0.49, 0.55, 0.58, 0.63, 0.64, 0.66, 0.77 and 0.78 VEX/day and 
CHO 0mM cell line was cultured at 0.68 and 0.72 VEX/day. Culturing cells under constant 
DR we assumed that after 5 VEX (volume exchanges) steady state was achieved. Each DR 
presented different cell environment which was evaluated by measuring culture viability, 
viable cell density (VCD), average cell diameter (ACD) and gDNA methylation. 
Moreover, calculated were glutamic acid uptake/secretion rate, glucose and glutamine 
uptake rate, ammonium and lactate secretion rate and gDNA methylation.  
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To obtain samples with different DNA methylation, CHO 8mM cells were also treated 
with 1 µM 2’-deoxy-5-azacytidine (DAC), 10 µM resveratrol and transfected with short 
interfering RNAs (siRNAs) against DNMTs (DNMT1 and DNMT3A). DAC is a 
nucleoside analogue which incorporates into DNA during replication and then covalently 
binds to DNMTs, which causes passive DNA demethylation during DNA replication and 
cell division (Schermelleh et al., 2005). Resveratrol has a pleiotropic effect on cells 
(Khan et al., 2016), but it also effects the translation of DNMTs and the activity of the 
chemical has been proven in cancer cell lines (Kala et al., 2015; Kala et al., 2016; 
Lubecka et al., 2016). siRNAs are involved in the RNA interference mechanism, where 
they bind to the complementary mRNA of target genes which results in degradation of the 
mRNA and inhibition of translation (Svoboda, 2014). DAC and resveratrol treatment 
lasted for 7 days, with daily addition of the chemicals. Transfection of cells was repeated 
three times (each 4 days) which resulted in running the experiment for 12 days. All of the 
experiments were carried out in 150 mL shaking flasks with working volume of 50 mL. 
Every day samples were taken for DNA isolation, RNA isolation, Western blot, culture 
viability, VDC and ACD.  
To determine the level of DNA methylation, DNA was digested using HpaII and MspI 
restriction enzymes and dyed with fluorescein-12-dUTP. The method was first tested using 
a pUC19 plasmid. The plasmid was first in vitro methylated and samples with increasing 
DNA methylation were prepared (0-100%). Protocols for enzymatic restriction and in vitro 
methylation were also tested and optimized, since we experienced obstructed activity of 
MspI. Changing the protocol for in vitro methylation did not show any improvement of 
digestion with MspI. Moreover, for the digestion protocol, an improvement in restriction 
reaction was seen if the incubation at 37°C was prolonged to 60 minutes instead of the 
5 minutes recommended by Thermo Fisher Scientific. Since the protocol required a 
purification step after dyeing DNA samples with fluorescein-12-dUTP, we experienced the 
loss of DNA. Due to this, DNA concentration had to be measured in dyed samples since 
the amount of incorporated fluorescein-12-dUTP depends also on the amount of DNA. 
For this DAPI and PicoGreenTM fluorescent dyes were tried. To test whether we can obtain 
a calibration curve with these two dyes, samples with different amounts of DNA and 
fluorescein-12-dUTP staining were prepared. For both dyes it turned out that they cannot 
be used for our DNA methylation method. When DAPI was used in combination with 
fluorescein-12-dUTP we observed interference between dyes which resulted in lower 
DAPI fluorescence. Fluorescence of PicoGreenTM was influenced by the amount of DNA 
fragmentation and therefore it could also not be used to determine DNA digestion and 
consequently DNA methylation in our samples. Until the end of the experiments, we were 
not able to include a method to determine DNA concentration in tested samples and 
therefore high deviation between replicates was observed. This is the reason for 
uncertainty of DNA methylation measurements. To confirm the measurements of DNA 
methylation, intracellular staining of methylated DNA was also included. Cells from the 
experiments were CHO 8mM cells were treated with DAC, resveratrol and transfected 
with DNMTs siRNAs, were stained with primary antibody specific for methylated DNA 
and then to these secondary antibodies labeled with FITC were bound.  
 
Štor J. Phenotypic changes in Chinese hamster ovary (CHO) cells during continuous fermentation.   
    M.Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, Academic Study in Biotechnology, 2019  
82 
 
On the level of cell phenotype in steady states in continuous culture we observed 
differences between CHO 8mM and CHO 0mM cell lines. CHO 0mM cells had a higher 
consumption rate of glucose and glutamic acid and lower secretion rate of lactate and 
ammonium. On the level of viability, VCD and ACD differences were not observed. Since 
CHO 8mM was cultured at nine DRs, also influence of changing DR was examined. 
A correlation was observed for viability and VCD which increased with increasing DR. 
Uptake and secretion rates did not show statistical correlation, but from the results we saw 
that with increasing DR cells changed from uptake to secretion of glutamic acid. Uptake of 
glucose and secretion of lactate did not change with DR, but uptake of glutamine and 
secretion of ammonium increased with increasing DR. We concluded that changes in DR 
create different environment for cells that is visible as changes in cell phenotype. 
Moreover, CHO 8mM and CHO 0mM cell lines show different cell phenotypes in culture 
which is according to the literature due to adaptation to media without glutamine 
(Hernández Bort et al., 2010).  
Treating CHO 8mM cells with DAC showed that it has an influence on cell phenotype, 
which was seen as lower viability, VCD and growth rate compared to the untreated control 
samples. Treating cells with resveratrol did not show significant influence of cell 
phenotype. In addition, introduction of DNMTs siRNAs showed a lesser effect on cell 
phenotype compared to DAC. 
Dyeing samples digested with HpaII and MspI showed that we can distinguish between 
different levels of DNA digestion by dyeing DNA with fluorescein12-dUTP. 
Moreover, we detected different levels of DNA methylation between DNA isolated from 
CHO 8mM and CHO 0mM cell lines and cells treated with DAC compared to untreated 
control samples. When DNA, isolated from steady states in continuous culture, was dyed 
with fluorescein12-dUTP we observed different levels of DNA methylation for CHO 8mM 
cell line. CHO 8mM and CHO 0mM did not show different levels of DNA methylation. 
Moreover, different levels of DNA methylation were observed for DNA isolated from 
CHO 8mM cells treated with DAC and transfected with DNMTs siRNAs, but when these 
results were compared to results obtained from labeling DNA with FITC labeled 
antibodies, the results were not uniform. Due to deviation between replicates when DNA 
was dyed with fluorescein-12-dUTP, which originated from different amount of DNA in 
samples and not fully optimized methods for determination of DNA concentration, we did 
not make certain conclusions on the level of DNA methylation. For this, the method should 
be optimized and experiments repeated to see whether the results are repeatable. 
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NAMEN IN HIPOTEZE 
V celicah na izražanje fenotipa vpliva tako genski zapis kot tudi epigenetske spremembe. 
Le te predstavljajo dodaten nivo regulacije izražanja genov in vplivajo na izražanje z 
dolgoročnimi in kratkoročnimi mehanizmi. Pri ovarijskih celicah kitajskega hrčka (CHO), 
ki jih gojimo v kulturi, metilacija DNA igra vlogo pri dolgoročni regulaciji, ki je lahko 
posledica procesa adaptacije celic na različne rastne pogoje. Do adaptacije pride v 
kulturah, kjer celice obdržimo dlje časa, kot je na primer pri kontinuirnem bioprocesu. Po 
drugi strani, če celice obdržimo v kulturi dlje časa brez sprememb v gojitvenih pogojih, 
tudi do večjih sprememb v metilaciji DNA ne pride (Feichtinger in sod., 2016). Namen 
naloge je bilo vpeljati kontinuirni bioproces s celicami CHO in oceniti adaptacijo celic na 
različne pretoke sistema. Predvidevamo, da bi različni pretoki ustvarili različne gojitvene 
pogoje v smislu dostopnosti hranil in akumulacije odpadnih metabolitov, kar bi se na 
nivoju celic izrazilo v različnih celičnih fenotipih. Celične fenotipe, ki bi bili odziv na 
spreminjajoče okolje, bi določili z meritvami parametrov, kot so koncentracija viabilnih 
celic (VCD), viabilnost kulture, povprečni celični diameter (ACD), koncentracije 
metabolitov (glutaminska kislina, glukoza, glutamin, laktat in amonij), nivo metilacije 
globalne DNA (gDNA) in transkripcije genov.   
Kljub številnim metodam, ki so na voljo za določevanje nivoja metilacije DNA, še vedno 
ni razvite robustne metode, ki bi bila uporabna za rutinsko uporabno ter cenovno dostopna 
za določevanje metilacije DNA v CHO celicah. V ta namen bi uporabili pristop, kjer bi 
izolirano gDNA fragmentirali z restrikcijskim encimom, odvisnim od metilacije DNA. 
Fragmente gDNA bi obarvali s fluorescentnim barvilom, ki se veže le na konce fragmentov 
DNA. Predvidevamo da, če bi gDNA imela višji nivo metilacije, bi restrikcijski encim imel 
na voljo manj prepoznavnih mest, kar bi se pokazalo v manjšem številu fragmentov in 
posledično nižji stopnji vezave barvila in nižji izmerjeni fluorescenci. V nasprotnem 
primeru, nižji metilaciji DNA, bi bila izmerjena fluorescenca višja. Vključeni bi bili tudi 
eksperimenti, kjer bi celice tretirali z reagenti, ki so poznani po vplivu na nivo metilacije 
DNA. V našem primeru bi to bili 2’-deoxy-5-azacytidine (DAC), resveratrol in majhne 
interfirajoče RNA (siRNA) specifične za DNA metiltransferaze (DNMT). Predvidevamo, 
da bi meritve metilacije DNA tretiranih celic pokazale spremenjene nivoje metilacije DNA 
in s tem potrdile že poznane učinke izbranih reagentov. 
PREGLED LITERATURE 
Celice CHO so pomemben ekspresijski sistem za produkcijo terapevtskih proteinov. V 
obdobju od 2014 do 2018 je bilo v celicah CHO proizvedenih 84% vseh terapevtskih 
proteinov v ZDA in EU (Walsh, 2018). Obsežno poznavanje karakteristik celične linije, 
zmožnost rasti v suspenzijski kulturi, varnost produktov, enostavnost genetskih modifikacij 
in visoka podobnost s humano glikolizacijo postavlja celice CHO na vodilno mesto na 
področju produkcije terapevtskih proteinov (Jayapal in sod., 2007; XU in sod., 2011). 
Družina CHO sestoji iz večih celičnih linij, kot so CHO K1, CHO-DG44, CHO-DXB11 in 
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CHO-S (Wurm, 2013). V zadnjih letih je bil genom celične linije CHO K1 in kitajskega 
hrčka (Cricetulus griseus) večkrat sekvenciran (Xu in sod., 2011; Lewis in sod., 2013; 
Yusufi in sod., 2017; Rupp in sod., 2018). 
Kontinuirni bioproces (Slika 1) je odprt sistem, pri katerem prihaja do izmenjave snovi z 
okolico preko konstantnega pretoka skozi sistem. Sistem, ki smo ga uporabili v naših 
eksperimentih, je bil kemostat, kjer sta pretoka v in iz sistema enaka, kar tudi ohranja 
konstanten volumen. S stopnjo pretoka (DR) se uravnavajo koncentracije metabolitov 
znotraj sistema in omogoča vzpostavitev stabilne faze (Doran, 2004). Stabilna faza je 
stanje sistema, kjer se vsi makroskopski parametri sistema (temperatura, pritisk, 
koncentracije, volumen in masa) ne spreminjajo s časom (Fernandez-de-Cossio-Diaz in 
sod., 2017), kar nam lahko omogoči študije lastnosti, ki se običajno spreminjajo s 
spreminjanjem okolja celic, kot na primer metilacija gDNA (Feitchinger in sod., 2016). 
Celicam CHO funkcionalna heterogenost omogoča prednost pred ostalimi ekspresijskimi 
sistemi, kar pa je povezano tudi z genotipsko in fenotipsko nestabilnost, zaradi česar celice 
CHO v kulturi izražajo različne fenotipe (Davies in sod., 2013). Spremembe v okolju celic 
CHO K1 (rast v šaržni kulturi, podaljšana kultura, selekcija za večjo produktivnost in 
adaptacija na nižje koncentracije hranil (Slika 2) lahko privedejo do sprememb na nivoju 
genoma v smislu manjših in večjih mutacij (Feichtinger in sod., 2016). Spremembe so 
lahko prav tako opažene na nivoju kariotipa (Vcelar in sod., 2018) in epigenoma. 
Feitchinger in sod. (2016) so preučevali spremembe v metilaciji DNA celic CHO K1, ko so 
le-te bile podvržene selekcijskemu pritisku na rast v mediju brez glutamina. Avtorji 
predvidevajo, da do sprememb ne pride, če so celice gojene pod stabilnimi pogoji, ampak 
le spremenjeni pogoji povzročijo spremembe v metilaciji gDNA. Celice, ki so bile 
izpostavljene spremembi okolja, torej selekcijskemu pritisku na rast v mediju brez 
glutamina, so izrazile višjo frekvenco pojavljanja hipometiliranih regij in nižjo frekvenco 
hipermetiliranih regij v primerjavi s celicami, ki niso bile podvržene selekciji 
(Feichtinger in sod., 2016). Posledično s spreminjanjem genoma in epigenoma pride tudi 
do sprememb v transkriptomu, ki se izrazijo v različnih ekspresijskih profilih 
mRNA (informacijska RNA) in miRNA (mikro RNA) (Hernández Bort in sod., 2012; 
Hernandez in sod., 2019).  
Celična regulacija, ki se zgodi na nivoju genov in različnega izražanja ter translacije do 
proteinov ima pomembno vlogo v metabolnih poteh celic (Likić in sod., 2010). 
Za določanje stanja celične kulture so najbolj informativne meritve glukoze in laktata. 
Glukoza je glavni vir ogljika v sesalskih kulturah, laktat pa je indikator akumulacije 
odpadnih produktov metabolizma in poslabšanja celičnega okolja (Ozturk in sod., 1997). 
Ob nastanku laktata se spremeni oksidativni nivo celic in ob visokih koncentracijah zniža 
pH kulture, kar negativno vpliva na rast (Ozturk in sod., 1992). Kot alternativni vir 
energije se uporablja tudi glutamin (Aledo, 2004), ki ima izmed vseh amino kislin najvišji 
faktor privzema (Eagle, 1995). Glutamin je pomemben za optimalno rast celic saj povečuje 
viabilnost kulture, spodbuja rast celic in produkcijo proteinov. Kljub pozitivnim učinkom 
pa v visokih koncentracijah spodbudi produkcijo amonija, kar pa ima negativen učinek na 
celično kulturo (Jeong in Wang, 1995). Metabolna aktivnost celic se spreminja s 
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spreminjanjem okolja celic, do česar pride v šaržnem bioprocesu ali pod spremenjenimi 
pogoji gojenja celic (Tsao in sod., 2005).  
Študije sprememb v funkciji genov, ki se dedujejo med mitozo in/ali mejozo ter ne 
spremenijo zapisa v sekvenci DNA, je definicija epigenetike (Wu in Morris, 2001). 
Epigenetski mehanizmi vključujejo RNA-inducirano regulacijo genov, modifikacije 
histonov in metilacijo DNA (Wipperman in Noll, 2017). Do sprememb v modifikaciji  
histonov pride hitreje s spremembami v okolju celic, kar lahko privede do povečanja ali 
znižanja ekspresije genov. Na drugi strani, spremembe v metilaciji DNA se zgodijo 
počasneje in so opazne po daljši adaptaciji celic na spremembe v okolju (Feichtinger in 
sod., 2016; Hernández Bort in sod., 2012). DNA metilacija je molekularni mehanizem, kjer 
se metilne skupine kovalentno vežejo na C5 mesto citozinov (Slika 3), kar se najpogosteje 
zgodi v regijah CpG dinukleotidov (Kurdykov in Bullock, 2016). Reakcije vezave metilnih 
skupin so katalizirane z encimi metiltransferaze DNA (DNMT1, DNMT3A in DNMT3B) 
(Lister in sod., 2009). V primeru metilacije DNA v regijah promotorjev genov, ta privede 
do inhibicije ekspresije genov (Slika 4) (Lim in Maher, 2010). Nivo metilacije DNA se 
razlikuje tako med vrstami kot tudi med tkivi in celičnimi tipi posameznika (Saze in 
Kakutani, 2011).  
Metilacijo DNA lahko v celicah manipuliramo z reagenti, ki vplivajo na aktivnost encimov 
DNMT, kot je na primer 2’-deoksi-5-azacitidin (decitabine, DAC) (Stresemann in sod., 
2008b). DAC je analog nukleotidov, ki je vezan v novo nastajajočo DNA med 
podvajanjem. Tam se kovalentno veže na encime DNMT in povzroči pasivno demetilacijo 
DNA med podvojevanjem celic (Schermelleh in sod., 2005). Resveratrol 
(3,5,4’-trihidroksistilben) je naravni polifenol (Langcake in Pryce, 1976) za katerega je 
bilo dokazano, da ima več intraceličnih tarč, ki so vpletene v biokemijske poti celičnih 
procesov kot so vnetni procesi, celični metabolizem, regulacija celičnega cikla, celično 
signaliziranje in post translacijske modifikacije (Britton in sod., 2015). Natančen 
mehanizem resveratrola ni poznan (Khan in sod, 2016), vendar pa so bili dokazani njegovi 
učinki na nivo metilacije DNA različnih rakavih celičnih linij (Kala in sod., 2015; Kala in 
sod., 2016; Lubecka in sod., 2016). Nivo metilacije DNA se lahko regulira tudi z 
mehanizmom RNA interference (RNAi) (Lai in sod., 2017; Jung in sod., 2007), kjer pride 
do razgradnje tarčne mRNA z vnosom kratkih RNK komplementarnih mRNA (Slika 5) 
(Svoboda, 2014, Mack, 2007). 
Za določanje metilacije DNA so na voljo številne metode, ki se razlikujejo glede na 
potrebno količino DNA, občutljivosti, specifičnosti, robustnosti in enostavnosti metode, 
potrebi po specializirani opremi ter ceni (Kurdykov in Bullock, 2016). Za študije metilacije 
celotnega genoma, je najbolj v uporabi metoda bisulfitnega sekvenciranja. Metoda ponuja 
natančnost sekvenciranja do enega baznega para, vendar pa zahteva veliko časa, opreme in 
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MATERIALI IN METODE 
Celični liniji, ki smo ju uporabili v eksperimentih, sta bili CHO K1 8mM L-Glu (v 
nadaljevanju CHO 8mM) in CHO K1 0mM L-Glu (v nadaljevanju CHO 0mM). Celice 
CHO 8mM so pridobljene z adaptacijo adherentnih celic CHO K1 na rast v suspenziji v 
kemijsko definiranem mediju brez dodatka seruma in dodatkom 8mM glutamina. S 
postopno adaptacijo celic CHO 8mM na rast v mediju brez dodatka glutamina so bile 
pridobljene celice CHO 0mM (Hernández Bort in sod., 2010). Celice CHO 8mM smo 
gojili v CD CHO mediju (Thermo Fisher Scientific, ZDA) z dodatkom 8mM glutamina 
(Sigma-Aldrich, ZDA) in 0,2 % reagenta proti sprijemanju (ACA) (Thermo Fisher 
Scientific). Za celice CHO 0mM smo uporabili enak medij brez dodatka glutamina. Celice 
smo gojili v stresalnem inkubatorju  (Climo –Shaker ISF4-X, Kühner AG, Švica) pod 
sledečimi pogoji: 37 °C, 7 % CO2, 85 % vlago in stresanju pri 250 rpm s stresalno orbito 
25 mm. Celice smo presejali vsak tretji dan s koncentracijo 0,2x106 celic/mL v 10 mL 
svežega medija. 
Kontinuirni bioproces 
Za gojenje celic v kontinuirnem bioprocesu smo uporabili namizni sistem DASGIP 
(Eppendorf, Nemčija). Uporabili smo steklen mešalni reaktor z navpičnim propelerskim 
mešalom in statično razpršilno aeracijo. Za kontinuirni bioproces smo uporabili tako CHO 
8mM kot tudi CHO 0mM. Delovni volumen bioprocesa je bil 270 mL, ki smo ga 
vzdrževali s stalnim pretokom skozi sistem. pH sistema smo vzdrževali pri pH 7 z 
avtomatskim dodajanjem 7,5 % baze NaHCO3 in CO2, ki ob raztapljanju v gojišču tvori 
ogljikovo kislino. Pretok zraka je bil v razponu 0,16-1,62 mL/h, temperatura regulirana na 
37 °C in kisik na 30 %. Mešanje v reaktorju smo nastavili na 80 rpm. Začetna 
koncentracija celic vsakega bioprocesa je bila 0,16x106 celic/mL. Začetek vsakega 
bioprocesa smo obravnavali kot šaržni bioproces dokler ni bila dosežena eksponentna faza 
rasti celic. Ko je kultura dosegla koncentracijo 5-6x106 celic/mL smo začeli kontinuirni 
bioproces s konstantnim pretokom izraženim v VEX/dan (izmenjava volumna na dan). 
VEX/dan predstavlja količino medija, ki se izmenja v enem dnevu glede na celoten 
volumen kulture. Za primerjavo odziva celic na celično okolje pri različnih pretokih je bilo 
potrebno doseči stabilno fazo. Za vzpostavitev stabilne faze, smo predpostavili, da je 
potrebna izmenjava petih volumnov kulture, kot je bilo opisano tudi v Kim in sod. (2004) 
in Teich in sod. (1999). Z izmenjavo enega volumna, se v bioreaktorju ob predpostavki 
popolnega premešanja, izmenja 50 % vsebine. Ob tej predpostavki se po izmenjavi petih 
volumnov zamenja 96,8 % vsebine. V Preglednici 2 so predstavljeni izvedeni bioprocesi s 
pripadajočimi celičnimi linijami in pretoki.  
Za evaluacijo celic v bioprocesu smo trikrat dnevno vzeli vzorce za meritve koncentracije 
viabilnih celic (VCD), viabilnosti kulture in povprečnega diametra celic (ACD) s celičnim 
števcem (ViCell XR, Beckman coulter, ZDA). Po začetku kontinuirnega bioprocesa smo 
vzeli še vzorce za določitev koncentracij metabolitov v kulturi z bioanaliznim sistemom 
(BioProfile 100 Plus, Nova Biomedical, ZDA). Za določitev nivoja metilacije gDNA v 
celicah smo v stabilni fazi tudi vzeli vzorce za izolacijo gDNA s kitom DNeasy Blood & 
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Tissue Kit (Qiagen, Nemčija). Za primerjavo odziva celic na različne pretoke sistema smo 
izračunali faktorje privzema (UR) glutaminske kisline, glukoze in glutamina (le za CHO 
8mM) po enačbi 3 in sekrecijski faktor (SR) za amonij in laktat po enačbi 4. Korelacija 
med spreminjajočim pretokom in odvisnimi spremenljivkami (VCD, ACD, viabilnost in 
privzemnimi ter sekrecijskimi faktorji) smo določili z modelom linearne regresije in 
koeficienta determinacije R2.  
Tretiranje celic z DAC, resveratrolom in transfekcija z siRNA, specifičnimi za DNMT 
Celice CHO 8mM smo tudi tretirali z reagenti, ki vplivajo na nivo metilacije gDNA. V ta 
namen smo celice tretirali dnevno z 1 µM DAC (APExBIO, ZDA), 10 µM resveratrolom 
(Merck, ZDA) in trikrat transficirali z siRNA, specifičnimi za mRNA DNMT1 in 
DNMT3a (Qiagen) (Preglednica 4). Celice smo gojili v stresalnih plastenkah z delovnim 
volumnom 50 mL, v že prej omenjenem ustreznem mediju in gojitvenih pogojih. Potek 
eksperimentov in razpored jemanja vzorcev je predstavljen v Preglednici 3. Rast celic smo 
evalvirali z meritvami naprave ViCell (VCD, viabilnost in ACD). Rezultati teh meritev 
smo statistično preizkusili s studentovim T testom s statistično značilnostjo 0,05. Za 
določitev nivoja metilacije gDNA smo vzeli vzorce za izolacijo gDNA in pretočno 
citometrijio (FC), vzorce za izolacijo RNA za določitev nivoja transkripcije DNMT ter 
prenos po westernu (WeB) za določitev nivoja translacije DNMT. Vzorcev za RNA in 
WeB nismo nadalje testirali in za ta del eksperimenta rezultati niso na voljo. Za določitev 
nivoja metilacije s FC smo uporabili primarno monoklonsko mišje protitelo 
5-Methylcytosine monoclonal antibody (Epigentek, ZDA) in sekundarno kozje protitelo 
Anti-Mouse IgG (whole molecule)-FITC (Fluorescein-5-isothiocyanate) (Sigma-Aldrich). 
Za normalizacijo signala smo gDNA v celicah obarvali s fluorescentnim barvilom DAPI. 
Fluorescenco obeh barvil smo izmerili s pretočnim citometrom (Beckman coulter) in 
rezultate obdelali s pripadajočim programom CytExpert (Beckman coulter). 
Metilacija DNA 
Nivo metilacije izolirane gDNA s kitom DNeasy Blood & Tissue Kit smo določili z 
uporabo restrikcijskih encimov HpaII in MspI (Thermo Fisher Scientific) (Preglednici 6 in 
7) ter barvanjem fragmentov s fluorescentnim barvilom fluorescein-12-dUTP in encimom 
rTdT iz kita DeadEndTM Fluorometric TUNEL System (Promega, USA) (TUNEL kit) 
(Preglednica 9) kot je prikazano na Slika 7. Po restrikcijski reakciji in encimski reakciji z 
rTdT smo vzorce očistili s kitom Genomic DNA Clean & Concentrator -10 (ZYMO 
Research, ZDA). Fluorescenco obarvane gDNA smo izmerili s fluorometrom (Infinite 220 
PRO, Tecan Trading AG, Švica) pri valovnih dolžinah 488/525 nm (Priloga B1). Osnovni 
protokol TUNEL kita smo optimizirali v smeri izpustitve terminacije encimske reakcije 
rTdT z dodatkom 20 mM EDTA in prepolovitvijo volumnov zmanjšanjem uporabljenih 
reagentov (Preglednica 9, After optimization). Za določitev koncentracije gDNA, v vzorcih 
obarvanih s fluorescinom-12-dUTP, smo uporabili spektrofotometer (NanoDropTM One 
UV-Vis Spectrophotometer, Thermo Fisher Scientific) in gDNA obarvali s 
fluorescentnima barviloma DAPI (Thermo Fisher Scientific) in Quant-iTTM PicoGreenTM 
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dsDNA assay kit (Invitrogen, ZDA) (PicoGreenTM). V ta namen smo naredili umeritveni 
krivulji za določanje koncentracije DNA plazmida pCU19. Fluorescenco barvila DAPI 
smo izmerili pri 358/461 nm (Priloga B2) in barvila PicoGreenTM pri 480/520 nm (Priloga 
B3). Prav tako smo za barvilo PicoGreenTM naredili umeritveno krivuljo z različnimi nivoji 
metilacije plazmida pUC19.  
Za testiranje metode smo izvedli eksperimente z izolirano gDNA iz celic CHO 8mM in 
CHO 8mM tretiranih z DAC. Za kvantiativno določitev nivoja metilacije smo naredili 
umeritveno krivuljo s plazmidom pUC19 (New England Biolabs, ZDA) (Priloga A2), ki 
smo ga predhodno in vitro metilirali z metiltransferazo CpG Methyltransferase (M.SssI) 
(New England Biolabs). pUC19 plazmid smo pridobili s transformacijo NEB® 5-alpha 
Competent E. coli (High Efficiency) (New England Biolabs) bakterijskih celic s 
temperaturnim šokom. V umeritveno krivuljo z različnimi nivoji metilacije plazmida 
pUC19 smo vključili vzorce z 0, 20, 40, 60 , 80 in 100% metilacijo, ki smo jih razgradili z 
encimom MspI (Thermo Fisher Scientific). Dodali smo dva kontrolna vzorca, ki sta 
predstavljala 0% (nemetiliran pUC19, razgrajen z MspI) in 100% (nerazgrajen in 
popolnoma metiliran pUC19) metilacijo. Za potrditev umeritvene krivuje smo isti vzorce 
testirali s qPCR kitom SensiFast SYBR Hi-ROX (Bioline, Velika Britanija) (Prilogi C2 in 
C3) in qPCR napravo Rotor Gene Q (Qiagen) z začetnmi oligonukleotidi,  pripravljenimi 
za pomnoževanje regije s prepoznavnim mestom za HpaII in MspI (Primer 1, Prilogi C1 in 
A2) in regije brez prepoznavnega mesta (Primer 4, Prilogi C1 in A2).  
Aktivnost restrikcijskega encima MspI prizvajalcev Thermo Fisher Scientific in New 
England Biolabs smo testirali s plazmidom pEPO-Fc (Priloga A1). Plazmid pEPO-Fc smo 
v laboratoriju klonirali iz pTagBFP-C (Eurogen, Rusija) in gena EPO-Fc.   
REZULTATI IN DISKUSIJA 
Kontinuirni bioprocess 
Za celične kulture gojene pod različnimi konstantnimi redčitvenimi pritiski v kontinuirnih 
kulturah smo pričakovali, da bomo izolirali različne celične fenotipe. Spremembe bi se 
pokazale na nivoju različne porabe in sekrecije metabolitov, VCD, viabilnosti kulture in 
ACD. Prav tako smo pričakovali spremembe na nivoju metilacije gDNA. Celice CHO 
8mM so bile gojene pod devetimi različnimi DR, 0,36, 0,49, 0,55, 0,58, 0,63, 0,64, 0,66, 
0,77 in 0,78 VEX/dan, celice CHO 0mM pa pod 0,67 in 0,72 VEX/dan. Prvotno so bili 
načrtovani drugačni DR kulture (Preglednica 2) vendar so bila opažena odstopanja črpalk. 
Pripadajoči novi določeni pretoki so prikazani v Preglednici 11 in vsa nadaljnja 
poimenovanja se navezujejo na novo določene DR.  
Meritve celične rasti in metabolitov so predstavljene v Prilogah O-S. Ker so nas zanimale 
le spremembe v fenotipu celic med stabilnimi fazami, celotnih procesov nismo nadalje 
evalvirali. Stabilne faze so med seboj primerjane z izračuni UR (enačba 3) in SR (enačba 
4) ter meritvami celične rasti. Vseeno pa je omembe vreden odziv CHO 8mM celic v 
kulturi CON3, kjer smo DR znižali iz 0,66 VEX/dan na 0,36 VEX/dan, kar je pomenilo 
45,4% spremembo DR. Iz Priloge P lahko opazimo občutno spremembo v odzivu celic na 
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spremembo, kar se je pokazalo tudi pri izračunih UR in SR. Ker smo se v nadaljnje želeli 
izogniti prevelikemu stresu za celice, smo uvedli prehodno, vmesno fazo pri spremembi 
DR za kulture CON4 (Priloga Q), CON6 (Priloga R) in CON7 (Priloga S). Čeprav smo 
predvidevali, da bi se po 5 VEX zamenjalo 96,6 % vsebine bioreaktorja kar bi za celice 
pomenilo novo okolje v katerem bi iz prejšnje stabilne faze ostalo le 3,4 % celic, so se z 
delitvami celic ohranile dedne genetske in epigenetske spremembe (Feichtinger in sod., 
2016), ki so vplivale na celično aktivnost v naslednji stabilni fazi.  
Fenotip celic v različnih stabilnih fazah pretokov smo ovrednostili z meritvami VCD, 
viabilnosti kulture in ACD. Ker celic CHO 8mM in CHO 0mM nismo gojili pod enakimi 
DR, natančna primerjava med kulturami ni mogoča, vseeno pa smo ovrednotili razlike med 
kulturami preko vseh stabilnih faz. V drugih študijah ker so bile omenjene celice gojene v 
šaržnem bioprocesu, so v eksponentni fazi celice CHO 8mM hitreje dosegle višje VCD, 
ampak so ob koncu eksponentne faze, kulture CHO 0mM dosegle višje VCD in dlje časa 
ohranile višjo viabilnost kulture (Hernández Bort in sod., 2010). Razlike med celicami 
CHO 8mM in CHO 0mM nismo opazili (Slika 8A). CHO 8mM so rasle z najnižjo gostoto 
pri 0,36 VEX/dan, meritve pa so tudi pokazale korelacijo z linearnim regresijskim 
modelom (Preglednica 12), kjer se je z višanjem pretoka višala tudi VCD. Korelacijo smo 
opazili tudi pri viabilnosti kultur CHO 8mM (Preglednica 12), ponovno pa nismo opazili 
razlike med CHO 8mM in CHO 0mM (Slika 8B). Meritve ACD niso pokazale linearne 
odvisnosti od pretoka (Preglednica 12, Slika 8C). Stopnja rasti v kontinuirni kulturi je 
enaka DR v stabilni fazi (Doran, 2004), vendar rezultati nakazujejo, da se s povečanjem 
DR poveča VCD in viabilnost kulture. Razlog za to bi lahko bila zadostna oskrba celic s 
hranili in učinkovito odstranjevanje toksičnih produktov metabolizma (kot sta laktat in 
amonij) pri višjih DR.  
Izračuni korelacije UR in SR kultur CHO 8mM v odvisnosti od DR niso pokazali 
signifikantne korelacije (Preglednica 12), vendar pa je iz Slika 9A razvidno, da z višanjem 
DR, celice CHO 8mM katabolizem glutaminske kisline spremenijo v anabolizem in 
primerjava kultur CHO 8mM in CHO 0mM pokaže, da imajo slednje višji UR glutaminske 
kisline. Obratno pa je kultura CHO 0mM porabila manj glukoze v primerjavi s kulturami 
CHO 8mM (Slika 9B). Čeprav za kulture CHO 8mM korelacija ni bila dokazana, 
izračunani UR nakazujejo nižji UR glukoze z višanjem DR. UR glutamina pri kulturah 
CHO 8mM se ni spreminjal s spreminjanjem DR (Slika 9C). SR laktata in amonija sta bila 
najnižja za kulturo CHO 0mM v primerjavi s CHO 8mM, najvišji SR pa je bil opažen za 
kulturo CHO 8mM pri DR 0,36 VEX/dan (Slika 10). CHO 8mM pri DR 0,36 VEX/dan je 
imela najvišji UR glukoze in SR laktata. Z višjo porabo glukoze, celice proizvedejo več 
laktata, kar ima negativen učinek na celično kulturo (Ozturk in sod., 1992), kar je v našem 
primeru najverjetneje povzročilo nižjo VCD in viabilnost kulture. S povečano porabo 
glutamina se poveča tudi produkcija amonija, ki ima prav tako negativen vpliv na celično 
kulturo (Jeong in Wang, 1995), vendar pa v naših eksperimentih koncentracija amonija ni 
dosegla stopnje, kjer bi imel negativen vpliv na rast celic, saj je bila viabilnost kulture pri 
pri najvišji produkciji tudi najvišja (Slika 8B). Prav tako lahko amonij v kulturi nastaja pri 
razpadu glutamina v mediju (Schneider in sod., 1996), vendar lahko vidimo iz Priloge N, 
da v naših eksperimentih ni prišlo do samostojnega razpada glutamina. V celicah se 
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glutamin pretvori v glutaminsko kislino skozi glutaminolinsko metabolno pot, kjer tudi 
nastaja amonij (Ahn in Antoniewicz, 2012). V stabilnih fazah kjer je bila poraba glutamina 
najvišja (Slika 9C) vidimo, da se tudi glutaminska kislina ni porabljala, ampak proizvajala 
(Slika 9A). Rezultati UR glutamiske kisline so primerljivi z rezultati Hernández Bort in 
sod. (2010), kjer so tudi opazili nastajanje glutaminske kisline v eksponentni fazi kulture 
CHO 8mM in najvišjo porabo pri kulturah CHO 0mM. Prav tako je kultura CHO 0mM 
porabila manj glukoze in proizvedla manj laktata ter amonija, kar so pokazali tudi naši 
rezultati. 
Meritve metilacije DNA med različnimi DR smo naredili za štiri stabilne faze CHO 8mM 
(0,36, 0,49, 0,63 in 0,77 VEX/dan) in dve stabilni fazi CHO 0mM (0,67 in 0,72 VEX/dan) 
kultur. Iz Slike 30A in Priloge M je razvidno, da je bil najnižji nivo metilacije izmerjen za 
kulturo CHO 8mM pri DR 0,36 VEX/dan, najvišji pa pri 0,49 VEX/dan. Ostale meritve 
nakazujejo različne nivoje metilacije, vendar rezultati nakazujejo le na dinamiko metilacije 
pod različnimi pogoji, korelacija pa ni bila opažena, kot tudi ne razlika med kulturami 
CHO 8mM in CHO 0mM. Razlike med stabilnimi fazami smo pričakovali, saj so 
spremembe v rastnih pogojih že v predhodnih študijah pokazale spremembe v nivoju 
metilacije DNA, kot tudi razlike med celicami CHO 8mM in CHO 0mM (Feichtinger in 
sod., 2016), kar pa naše meritve niso pokazale. Zaradi le enega testiranega vzorca na 
stabilno fazo in nenatančnosti metode, kot je podrobneje opisano kasneje, rezultati niso 
zanesljivi.   
Tretiranje celic z DAC, resveratrolom in transfekcija z siRNA, specifičnimi za DNMT 
Tretiranje celic z DAC je pokazalo, da ima vpliv na rast celic (Slika 11) kot je bilo opisano 
tudi v drugih študijah (Hageman in sod., 2011; Jung in sod., 2007). Kultura celic 
CHO 8mM z dodanim DAC je imela v primerjavi s kontrolnim vzorcem nižjo VCD (Slika 
11C) in viabilnost (Slika 11A) tekom eksperimenta v eksponentni fazi. Prav tako je bila 
razlika v primerjavi s kontrolnim vzorcem statistično značilna ob koncu eksperimenta v 
stacionarni fazi (Sliki 11B in 11D, Priloga E). Tudi stopnja rasti v eksponentni fazi je bila 
statistično nižja v primerjavi s kontrolo (Slika 12, Priloga E), vendar pa razlike v ACD 
nismo opazili (Priloga D1).  
Rezultati meritev rasti celic tretiranih z resveratrolom niso statistično značilni (Sliki 14A in 
15, Priloga E), vseeno pa meritve viabilnosti (Slika 13) in ACD (Slika 14A) prikazujejo 
počasnejšo in slabšo rast celic v eksponentni fazi, ob koncu eksperimenta v stacionarni fazi 
pa razlik ni bilo opaziti.  
Kontrole vključene v eksperiment, kjer smo celice transficirali z siRNA specifičnimi za 
DNMT, so pokazale, da je bila transfekcija uspešna (siRNA_Death, Priloga F1) in sam 
postopek transfekcije ni vplival na rast celic (primerjava siRNA_Mock s kontrolami DAC-
neg in RESV-neg). Kljub temu, da je primerjava siRNA_neg z siRNA_Mock pokazala 
nižjo stopnjo rasti (Slika 17), kar bi lahko pomenilo, da je vnos tuje siRNA v celice vplival 
na rast celic, glede na le en vzorec siRNA_Mock kontrole ne moremo skleniti trdnih 
zaključkov glede vpliva. Meritve viabilnosti niso pokazale razlik med tretiranimi in 
kontrolnimi kulturami (Slika 16A), kot tudi ni bilo razlike v velikosti celic (Priloga D3). 
 
Štor J. Phenotypic changes in Chinese hamster ovary (CHO) cells during continuous fermentation.   
    M.Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, Academic Study in Biotechnology, 2019  
91 
 
VCD tretiranih celic kot tudi stopnja rasti sta bili višji za tretirane celice po prvi 
transfekciji, po drugi in tretji pa nižji (Sliki 16C in 17). Rezultati so pokazali, da vnos 
siRNA, specifične za DNMT, vpliva na rast celic, kot je bilo tudi potrjeno v študiji Lai in 
sod. (2017).  
Metilacijo DNA smo v vzorcih, tretiranih z DAC in siRNA, specifičnimi za DNMT, 
izmerili z metodo restrikcije in barvanja z barvilom fluorescein-12-dUTP, v vseh treh 
eksperimentih pa smo jo tudi določili s FC. Pri celicah, tretiranih z DAC, smo pričakovali 
nižji nivo metilacije v primerjavi s kontrolnimi vzorci in konstanten nivo metilacije za 
kontrolne vzorce. Sliki 30B in 31A prikazujeta meritve metilacije DNA, vendar rezultati 
niso enotni, kot tudi niso potrdili naših domnev. Enaka pričakovanja smo imeli za celice z 
vnesenimi siRNA, specifičnimi za DNMT. Slika 30C prikazuje nižji nivo metilacije za 
tretirane vzorce, vendar pa se nivo metilacije ni postopno nižal do konca eksperimenta, kot 
tudi ni bil konstanten za kontrolne vzorce. Meritve FC (Slika 31C) nakazujejo nižanje 
nivoja metilacije za tretirane vzorce, vendar je enak trend opažen tudi za kontrolne vzorce. 
Meritve FC vzorcev, tretiranih z resveratrolom (Slika 31B), nakazujejo na dinamiko 
metilacije DNA kontrolnih vzorcev, pri katerih se je nivo metilacije zvišal tekom 
eksperimenta, pri tretiranih vzorcih pa do spremembe ni prišlo. Ob koncu eksperimenta 
nismo opazili bistvene razlike v nivoju metilacije. Kot je bilo omenjeno že prej, metoda, ki 
smo jo razvijali še ni bila dokončno optimizirana, prav tako pa metoda FC ni bila 
validirana, kar pomeni, da so rezultati informativne narave in bi za natančne meritve bilo 
potrebno vključiti preverjene metode ali pa optimizirati uporabljene metode.   
Metilacija DNA 
Metilacijo DNA smo z restrikcijo in fluorescentnim označevanjem določili v treh različnih 
eksperimentih. V prvem eksperimentu smo DNA razgradili z restrikcijskima encimoma 
HpaII oz. MspI (Slika 18). Iz rezultatov je razvidno, da je sta imela vzorca razgrajena z 
MspI 3.35-krat višjo izmerjeno fluorescenco v primerjavi s HpaII. Glede na to, da MspI ni 
odvisen od metilacije DNA, so rezultati v skladu s pričakovanji, saj HpaII ne reže DNA na 
vseh prepoznavnih mestih in posledično z manj fragmenti DNA, se veže manj barvila 
fluorescein-12-dUTP in posledično je izmerjena fluorescenca nižja. Prav tako smo razliko 
opazili med celicami CHO 8mM in CHO 0mM. Glede na študijo Feichtinger in sod. (2016) 
imajo celice CHO 0mM nižji nivo metilacije DNA v primerjavi s CHO 8mM. Rezultati na 
Sliki 19B prikazujejo nižji nivo metilacije DNA za celice CHO 0mM v primerjavi s CHO 
8mM. Pri prejšnjem eksperimentu smo uporabili isti začetni DNA material, pri slednjem pa 
smo gDNA izolirali iz dveh različnih kultur, kar se je odrazilo v različni kvaliteti materiala. 
To je razvidno s Slike 19B, kjer kontrol eksperimenta (Neg) nismo razgradili, vseeno pa je 
nivo fluorescence različen med celicami CHO 8mM in CHO 0mM. Zaradi tega smo 
rezultate razgradnje s HpaII in MspI popravili s temi vrednostmi in kot je bilo omenjeno že 
prej, Slika 19B prikazuje pričakovane rezultate. Prav tako je eksperiment z vzorci 
tretiranimi z DAC in kontrolnimi vzorci pokazal pričakovane rezultate (Slika 20). DAC 
povzroča pasivno demetilacijo DNA (Schermelleh in sod., 2005), kar se je v našem 
primeru po pričakovanjih pokazalo z višjo izmerjeno fluorescenco.  
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Nadalje smo želeli metodo optimizirati v smeri kvantifikacije nivoja metilacije DNA. V ta 
namen smo naredili umeritveno krivuljo z različnimi nivoji metilacije DNA (0-100%) 
plazmida pUC19. Za potrditev umeritvene krivulje smo vzorce preverili tudi z metodo 
qPCR. Obe metodi sta pokazali linearen odziv, kar je razvidno s Slik 21A in 21C. Vključili 
smo tudi dva kontrolna vzorca metiliranega plazmida pUC19 nerazgrajenega (MpUC_ND, 
predstavlja 100% metilacijo) in razgrajenega z MspI (MpUC_MspI, predstavlja 0% 
metilacijo). Iz Slik 21B in 21D vidimo, da MpUC19_MspI precej odstopa od pričakovane 
vrednosti, iz česar smo sklepali, da najverjetneje encim MspI ni popolnoma neodvisen od 
metilacije DNA. Aktivnost MspI encima smo testirali z analizo fragmentov DNA z 
agarozno gelsko elektroforezo (Slike 22, 23 in 24). Restrikcijska profila metiliranih pUC19 
(Sliki 22 in 23) in pEPO-Fc (Slika 24) ter razgrajeni z MspI bi morali biti enaki razgradnji 
nemetiliranih vzorcev s HpaII. Pri restrikcijskih profilih vidimo dodaten fragment pri 
razgradnji z MspI kar nakazuje, da MspI ni popolnoma neodvisen od metilacije DNA, kot 
zagotavlja proizvajalec Thermo Fisher Scientific. Testirali smo tudi MspI encim 
proizvajalca New England Biolabs (Sliki 23 in 24), vendar nismo opazili izboljšanja. Ker 
je poznano, da donor metilne skupine SAM (S-adenosylmethionine) med encimsko 
reakcijo razpada v SAH (S-adenosyl-L-homocysteine), smo preizkusili različne protokole 
metilacije DNA in vitro (Preglednica 8), ki bi preprečili razpad, vendar iz Slika 24 vidimo, 
da ni izboljšalo restrikcijske reakcije z MspI. Na koncu se je za obetaven pristop izkazalo 
podaljšanje inkubacije restrikcijske reakcije pri 37 °C iz 5 minut na 60 minut (Slika 24).  
Naslednji problem, s katerim smo se srečali, je bila izguba DNA med postopki čiščenja 
DNA, ki je glede na informacijo proizvajalca ZYMO med 70-95%, naši rezultati pa so 
pokazali izgubo med 58,3-90,3% (Priloga I). To je bilo problematično, ker smo imeli v 
vzorcih po barvanju z barvilom fluorescein-12-dUTP različne koncentracije DNA, kar pa 
je vplivalo na meritve fluorescence in posledično nenatančne rezultate. Spektrofotometra v 
ta namen nismo mogli uporabiti, saj je fluorescenca barvila motila meritve naprave. Nato 
smo preizkusili dodatno barvanje z barvilom DAPI, ki ima v primerjavi z barvilom 
fluorescein-12-dUTP drugačna spektra emisije in eksitacije (Slika 32). Umeritvena krivulja 
različnih koncentracij DNA (Slika 25A) se je izkazala za obetavno, vendar smo v 
eksperiment vključili vzorec, kjer sta bili dodani obe barvili (Slika 25B). Fluorescenca 
barvila DAPI je bila v tem vzorcu občutno nižja, kar je pokazalo, da do interference med 
barviloma vseeno pride in da barvanje z DAPI ni primeren pristop. Nadaljnje smo 
preizkusili barvilo PicoGreenTM, ki ima ista spektra emisije in eksitacije kot fluorescein-
12-dUTP. Barvilo bi bilo uporabno, če bi najprej vzorce barvali z barvilom fluorescein-12-
dUPT, izmerili fluorescenco, dodali PicoGreenTM in ponovno izmerili fluorescenco. 
Razlika v fluorescenci bi bila signal dodanega PicoGreenTM. Ponovno se je umeritvena 
krivulja izkazala za obetavno (Slika 26A), vendar smo v eksperiment vključili vzorca z 
enako koncentracijo DNA in različnim nivojem razgradnje, kar je pokazalo, da tudi barvilo 
PicoGreenTM ni primerno. Iz Slike 26B vidimo, da je signal razgrajenega vzorca občutno 
nižji, kar je pomenilo, da je vezava barvila odvisna od razgraditve DNA. Glede na to, da bi 
naši vzorci temeljili na različnem nivoju razgraditve, kar je bilo tudi že prej potrjeno 
(Sedlackova in sod., 2013) tega pristopa nismo mogli uporabiti. Zaradi dobljenih rezultatov 
smo preizkusili, če bi lahko za določevanje nivoja metilacije DNA uporabili le barvilo 
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PicoGreenTM in v ta namen naredili umeritveno krivuljo z različnimi nivoji fragmentacije 
(Slika 27). Barvanje s PicoGreenTMse je izkazalo za boljšo alternativo metodi, ki smo jo 
razvijali iz vidika stroškov in potrebnega časa za analize, vendar nadaljnji eksperimenti 
niso bili narejeni.  
ZAKLJUČKI 
Kot je bilo dokazano tudi s strani drugih študij, spreminjanje okolja celic privede do 
sprememb v aktivnosti celic na različnih celičnih nivojih, genomu, epigenomu, 
transkriptomu in metabolomu (Feichtinger in sod., 2016, Vcelar in sod., 2018, Hernandez 
Bort in sod., 2012; Hernandez in sod., 2019; Hernandez-Bort in sod., 2010; Jeong in 
Wang, 1995). Naši rezultati so pokazali, da spreminjanje okolja celic z različnimi pretoki 
kulture vpliva na delovanje celic na nivoju metabolizma in metilacije DNA. V glavnem do 
sprememb v porabi glukoze in izločanju laktata ni prišlo, vendar pa je povečanje pretoka 
povzročilo povišano porabo glutamina pri celicah CHO 8mM in izločanje amonija ter 
spremembo iz porabe glutaminske kisline v produkcijo. Te spremembe sta spremljali tudi 
višja VCD in viabilnost kulture. S tem smo potrdili, da hipotezo, da različni pretoki 
kontinuirnega sistema ustvarijo različne gojitvene pogoje za celice CHO, kar se je tudi 
izrazilo na nivoju fenotipa.  
Izpostavitev celic reagentoma DAC in resveatrol ter transfekcija z siRNA, specifičnimi za 
DNMT, je pokazala, da imajo vsi trije pristopi vpliv na rast celic. DAC je vplival na 
izražen celični fenotip v smeri slabše rasti, vendar ne moremo zaključiti, če je bil opažen 
vpliv posledica spremenjene metilacije DNA. Vnos siRNA, specifičnih za DNMT, je imel 
manjši vpliv na fenotip celic, vendar pa so meritve metilacije DNA ob koncu eksperimenta 
nakazale nižji nivo metilacije DNA. Predvidevamo, da je pristop manipulacije metilacije 
DNA s transfekcijo bolj natančen in ima manj stranskih učinkov na delovanje celic. V 
primerjavi z DAC in siRNA pristopoma je izpostavitev celic resveratrolu pokazala 
nasproten učinek, ki je povzročil izboljšano celično rast. Za natančno določitev vpliva 
reagentov na celično rast in nivo metilacije DNA bi bilo potrebno eksperimente ponoviti in 
za določitev metilacije vključiti natančnejšo in preverjeno metodo. Vseeno lahko potrdimo, 
da imajo vsi izbrani pristopi vpliv na rast celic kot tudi na metilacijo DNA. 
Pristop kvantifikacije metilacije gDNA z uporabo od metilacije odvisnih restrikcijskih 
encimov in barvanja nastalih fragmentov s fluorescentnim barvilom se je izkazal kot 
obetaven. Prav tako so bili uporabljeni restrikcijski encimi v ta namen uporabljeni tudi v 
preteklih študijah (Kurdykov in Bullock, 2016). Metodo smo optimizirali do mere, da smo 
lahko razlikovali med vzorci, fragmentiranimi s HpaII in MspI, celicami CHO 8mM in 
CHO 0mM ter celicami, tretiranimi z DAC, siRNA in gojenimi v stabilnih fazah 
kontinuirnega bioprocesa. Tekom eksperimentov smo se soočali s številnimi težavami, kot 
so bile odvisnost encima MspI od metilacije DNA, izgube DNA v postopkih čiščenja in 
nezmožnost določitve koncentracije DNA v vzorcih, obarvanih z barvilom 
fluorescein-12-dUTP. Glavni razlog nezanesljivosti rezltatov je bila slednja težava, ki je 
nismo uspeli odpraviti do konca izvedenih eksperimentov. Vseeno lahko potrdimo, da je 
metoda, ki smo si jo zastavili na načetku, potencialen način za določevanje nivoja 
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metilacije DNA. Popolnoma optimizirana metoda bi bila hiter in cenovno ugoden način za 
kvantifikacijo metilacije DNA brez potrebe po specializirani opremi. Metodo bi vključili v 
rutinsko delo z namenom testiranja vzorcev preden bi se odločili za natančnejše in dražje 
metode, ki zahtevajo specializirano opremo kot je bisulfitno sekvenciranje.  
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ANNEX A / PRILOGA A 
Plasmids used in DNA methylation experiments 
Plazmida uporabljena v ekprerimentih metilacije DNA 
 
 
(1) pEPO-Fc with labelled restriction sites of restriction enzymes HpaII and MspI and (2) pUC19 with 
labeled restriction sites for HpaII, MspI, DrdI and PscI restriction enzymes and binding sites for primer pairs 
1 and 4 (pictures made with SnapGene®). 
(1) pEPO-Fc z označenimi prepoznavnimi mesti restrikcijskih encimov HpaII in MspI ter (2) pUC19 z 
označenimi prepoznavnimi mesti restrikcijskih encimov HpaII, MspI, DrdI in PscI ter vezavna mesta za para 
začetnih oligonukleotidov 1 in 4 (sliki narejeni s programom SnapGene®). 
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ANNEX B / PRILOGA B 
Settings for measurements on fluorescence/absorbance reader (Infinite 220 PRO, Tecan 
Trading AG) 
Nastavitve za meritve na bralniku fluorescence/absorbance (Infinite 220 PRO, Tecan 
Trading AG) 
1  
Mode Fluorescence Top Reading 
Excitation Wavelength 488 nm 
Emission Wavelength 525 nm 
Excitation Bandwidth 9 nm 
Emission Bandwidth 20 nm 
Gain 100  (Manual) 
Number of Flashes  25 
Integration Time 20 µs 
Lag Time 0 µs 
Settle Time 0 ms 
  
2  
Mode Fluorescence Top Reading 
Excitation Wavelength 358 nm 
Emission Wavelength 461 nm 
Excitation Bandwidth 9 nm 
Emission Bandwidth 20 nm 
Gain 100  (Manual) 
Number of Flashes  25 
Integration Time 20 µs 
Lag Time 0 µs 
Settle Time 0 ms 
  
3  
Mode Fluorescence Top Reading 
Excitation Wavelength 480 nm 
Emission Wavelength 520 nm 
Excitation Bandwidth 9 nm 
Emission Bandwidth 20 nm 
Gain 75  (Manual) 
Number of Flashes  25 
Integration Time 20 µs 
Lag Time 0 µs 




Wavelength 450 nm 
Bandwidth 9 nm 
Number of Flashes  25 
Settle Time 0 ms 
(1) fluorescence of fluorescein-12-dUTP; (2) fluorescence of DAPI; (3) fluorescence of PicoGreenTM; (4) 
absorbance of samples colored with ELISA kit. 
(1) fluorescenca barvila fluorescein-12-dUTP, (2) fluorescenca barvila DAPI, (3) fluorescenca barvila 
PicoGreenTM, (4) absorbanca vzorcev obarvanih s kitom ELISA. 
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ANNEX C / PRILOGA C 
Detailed information of the qPCR experiment with pUC19 
Tehnične podrobnosti eksperimenta qPCR s plazmidom pUC19 in shema podvojevanja 
1     
Name of the primer  Sequence Length [bp] Tm° GC content [%] 
Primer 1_F GCGCGTAATCTGCTGCTTG 19 67.0 57.8 
Primer 1_R ACAGTATTTGGTATCTGCGCTCT 23 62.8 43.4 
Primer 2_F GAACGTTTTCCAATGATGAGCAC 23 66.5 43.4 
Primer 2_R AGATGCTTTTCTGTGACTGGTGA 23 64.9 43.4 
Primer 3_F GCGCGGAACCCCTATTTGTT 20 68.9 55 
Primer 3_R GGAATAAGGGCGACACGGAA 20 68.0 55 
Primer 4_F TTTGTGATGCTCGTCAGGGG 20 68.5 55 
Primer 4_R GGGGATAACGCAGGAAAGAACA 22 67.9 50 
     
2  
Reagent  Volume [µL] 
2x SensiFast SYBR Hi-ROX Mix 10 
Forward primer (10 µM) 0.6 
Reverse primer (10 µM) 0.6 




3    
PCR step Temperature [°C] Time Number of cycles 
Starting denaturation 95 15 minutes 1 
Denaturation 95 15 seconds 
40 Annealing 60 20 seconds 
Elongation 72 20 seconds 
Final Elongation 80 0 seconds 1 
Determination of melting curve 65 - 99 2 seconds for each step 0.5 °C/step 
    
4 
 
(1) primers used for qPCR amplification of plasmid pUC19 (F - forward, R -reverse), (2) reagents and 
needed volumes used of the kit SensiFast SYBR Hi-ROX (Bioline), (3) qPCR reaction protocol for 
amplification, (4) Amplification scheme for primer pairs 1 and 4. Technical control for primer pair 4 is right 
yellow and for primer pair 1 is right blue, the rest of the signals in the left are pCU19 samples. 
(1) začetni oligonukleotidi uporabljeni pri podvojevanju pUC19 z reakcijo qPCR (F – naprej, R – nazaj), (2) 
uporabljeni reagenti in ustrezni volumni kita SensiFast SYBR Hi-ROX (Bioline), (3) protokol podvojevanja 
reakcije qPCR, (4) Shema podvojevanja za para začetnih oligonukleotidov 1 in 4. Desne rumene črte 
predstavljajo shemo podvojevanja tehničnih kontrol za par začetnih oligonukleotidov 1 ter desne modre črte 
predstavljajo shemo podvojevanja tehničnih control za par začetnih oligonukleotidov 4. Ostali signali na levi 
strani predstavljajo vzorce pCU19. 
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ANNEX D / PRILOGA D 
Dynamics of average cell diameter (ACD) of differently treated CHO 8mM cells 





(1) 1 µM DAC (DAC) and control samples (DAC-ctrl), (2) 10 µM resveratrol (RESV) and control samples 
(RESV-ctrl); (3) or transfected with DNMTs siRNAs (siRNA) and control samples (siRNA-neg and siRNA-
Mock) at time 0 (1st transfection), after 95 (2nd transfection) hours and after 190 (3rd transfection) hours. 
(1) 1 µM DAC (DAC) in kontrolnimi vzorci (DAC-ctrl), (2) 10 µM resveratrolom (RESV) in kontrolnimi 
vzorci (RESV-ctrl) in (3) transfektiranimi z siRNA specifičnimi za DNMT (siRNA) in kontrolnimi vzorci 
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ANNEX E / PRILOGA E 
Data obtained from the experiments where cells were treated with DAC, resveratrol 
(RESV) and transfected with DNMTs siRNAs (siRNA) 
Rezultati meritev vzorcev eksperimentov, kjer so bile celice tretirane z DAC, 
resveratrolom (RESV) in transfektirane z siRNA specifičnimi za DNMT (siRNA) 




t-test for equal or 
unequal variances 
F statistics p value t statistics p value 
DAC_VCD_day7 5.5 0.042 
163.469 0.006 3.99 0.016 
DAC-ctrl_VCD_day7 8.0 0.534 
DAC_Viability_day7 90.6 0.316 
5.296 0.159 8.896 0.001 
DAC-ctrl_Viability_day7 94.3 0.137 
DAC_GR 0.65 0.016 
3.877 0.205 3.731 0.034 
DAC-ctrl_GR 0.813 0.031 
RESV_VDC_day7 7.4 0.085 
3.321 0.231 1.023 0.364 
RESV-ctrl_VCD_day7 7.2 0.155 
RESV_GR 0.841 0.007 
14.62 0.064 0.049 0.963 
RESV-ctrl_GR 0.843 0.026 
siRNA_VCD_3rd 4.3 0.265 
5.016 0.166 2.298 0.083 
siRNA-neg_VCD_3rd 5.2 0.118 
siRNA_Viability_3rd 97.2 0.418 
2.133 0.319 0.252 0.814 
siRNA-neg_Viability_3rd 97.1 0.286 
siRNA_GR_3rd**/*** 0.902 0.049 
5.899 0.145 0.552 0.610 
siRNA-neg_GR_3rd++/+++ 0.927 0.002 
siRNA_GR_1st*/** 0.97 0.032 
2.783 0.264 0.948 0.397 
siRNA-neg_GR_1st+/++ 0.93 0.019 
siRNA_GR_2nd*/*** 0.857 0.003 
12.532 0.074 3.221 0.032 
siRNA-neg_GR_2nd+/+++ 0.898 0.009 
* / / 132.585 0.007 2.846 0.106 
** / / 1.125 0.471 1.157 0.312 
*** / / 149.180 0.007 1.070 0.396 
+ / / 3.802 0.208 1.027 0.362 
++ / / 1.884 0.347 0.069 0.948 
+++ / / 0.496 0.331 1.392 0.236 
Average of the triplicates measurements and deviation from the average is presented with standard error. 
VCD unit is “*106 cells/mL” and viability unit “%”. Calculated is statistical test whether variances between 
compared samples are equal or unequal (F-test Two-Sample for Variances). For statistical significance, the t-
test was calculated based on previuously determined equality of the variances. (DAC-ctrl – control samples 
for DAC exp., RESV-ctrl – control samples for resveratrol exp., siRNA-neg – control samples for the 
transfection experiment (1st, 2nd and 3rd indicate the number of transfection), VCD – viable cell density, GR – 
growth rate). 
Povprečne vrednosti treh ponovitev vzorcev, odstopanje od povprečja je prikazano s standardno napako. 
Enota meritev VCD je “106 celic/mL”, za viabilnost pa “%”. Izračunali smo statistični test za določitev 
statistično značilnih enakih ali neenakih varianc (F-test Two-Sample for Variances). Za določitev statistične 
značilnost razlik med vzorci smo izračunali t-test glede na predhodno določeno ne/enakost varianc. (DAC-
ctrl – kontrolni vzorci DAC eksperimenta, RESV-ctrl – kontrolni vzorci RESV eksperimenta, siRNA-neg – 
kontrolni vzorci eksperimenta s transfekcijo (1st, 2nd in 3rd pomenijo številko transfekcije), VCD – gostota 
viabilnih celic, GR – stopnja rasti). 
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ANNEX F / PRILOGA F 
Growth of controls inclded in the DNMTs siRNA transfection experiment 
Rast kontrolnih vzorcev vključenih v eksperiment transfekcije celic z siRNA specifičnimi 
za DNMT 
 
(1) Dynamics of cell viability and viable cell density (VCD) of CHO 8mM cells transfected with Death 
siRNAs at time 0 (1st transfection), after 95 (2nd transfection) hours and after 190 (3rd transfection) hours. 
(2) Calculated average of growth rates (between 20 and 90 hours after transfection) from triplicates 
transfected with DNMTs siRNAs and controls siRNA-neg and siRNA-Mock (only in singlet) after each 
transfection. 
(1) Dinamika viabilnosti kulture in gostote viabilnih celic (VCD) celic CHO 8mM transfektiranimi z Death 
siRNA ob času 0 (prva transfekcija), 95 (druga transfekcija) in 190 (tretja transfekcija) ur eksperimenta. (2) 
Izračunane poprečne vrednosti stopenj rasti (med 20 in 90 ur po transfekciji) treh ponovitev vzorcev 
transfektiranih z siRNA specifičnimi za DNMT in kontrolnih vzorcev siRNA-neg in siRNA-Mock (samo ena 
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ANNEX G / PRILOGA G 
Measurements of fluorescence of gDNA dyed with fluorescein-12-dUTP 
Meritve fluorescence vzorcev gDNA obarvanih z barvilom fluorescein-12-dUTP 
1   
Sample Experiment 1 Experiment 2 















gDNA_neg2 62 65 
     
2   
Sample  Experiment 1 Experiment 2 






























8mM_neg2 91 129 
     
3   










Samples were tested in replicates, corresponding averages (AVG) and standared errors (SE) were calculated. 
(1) gDNA isolated from CHO 8mM and digested with HpaII or MspI or not digested (gDNA_neg). The 
experiment was repeated once (experiment 1 and experiment 2); (2) gDNA isolated from CHO 0mM and 
CHO 8mM and digested with HpaII or MspI or not digested samples (neg); (3) gDNA isolated from CHO 
8mM, CHO 8mM treated with DAC and CHO 8mM control included in the DAC treatment experiment. 
DNA isolated from the CHO 8mM cells treated with the DAC and control samples were digested with HpaII. 
Vzorce smo testirali v dveh ponovitvah (izračunano je povprečje (AVG) ponovitev in standardna napaka 
(SE)). (1) gDNA izolirana iz celic CHO 8mM in razrezana z encimoma HpaII ali MspI ali nerazrezana 
(gDNA_neg). Poizkus je pol ponovljen (experiment 1 in experiment 2); (2) gDNA izolirana iz celic CHO 
0mM in CHO 8mM ter rezana z encimoma HpaII ali MspI ali nerazrezana (neg); (3) gDNA izolirana celic 
CHO 8mM, celic CHO 8mM tretiranih z DAC in kontrolnih vzrocev vključenih v ekperiment. Označeni 
vzorci so bili rezani z encimom HpaII. 
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ANNEX H / PRILOGA H 
Mesurements of fluorescence (fluorescein-12-dUTP) for pUC19 samples methylated from 
0% to 100% and digested with HpaII 
Meritve fluorescence (barvilo fluorescein-12-dUTP) vzorcev plazmida pUC19 metiliranih 
od 0 do 100% in rezanih z restrikcijskim encimom HpaII 
Sample Methylation [%] Fluorescence 488/525 nm AVG/SE 
pUC_M-0_HpaII_1 0 2250 2044.5/145.31 
pUC_M-0_HpaII_2 0 1839 
pUC_M-20_HpaII_1 20 2832 1978.5/603.52 
pUC_M-20_HpaII_2 20 1125 
pUC_M-40_HpaII_1 40 2270 1798.5/333.4 
pUC_M-40_HpaII_2 40 1327 
pUC_M-60_HpaII_1 60 1216 1028/132.94 
pUC_M-60_HpaII_2 60 840 
pUC_M-80_HpaII_1 80 696 739.5/30.76 
pUC_M-80_HpaII_2 80 783 
pUC_M-100_HpaII _1 100 32 37/3.54 
pUC_M-100_HpaII _2 100 42 
MpCU _MspI_1 / 1442 1612/120.21 
MpUC_ MspI_2 / 1782 
MpUC_ ND_1 / 58 62/2.83 
MpUC_ ND_2 / 66 
Samples were tested in duplicates and corresponding averages (AVG) and standared errors (SE) were 
calculated. Aditional 4 samples are pUC19 digested with MspI and non-digested (ND) 
Vzorce smo testirali v dveh ponovitvah, izračunano je povprečje (AVG) ponovitev in standardna napaka 
(SE). Dodatni štirje vzorci so plasmid pUC19 rezan z MspI in nerazrezan (ND). 
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ANNEX I / PRILOGA I 
Measurements of DNA concentration and ratios A260/280 and A260/230 with the 
spectrophotometer NanoDropTM 
Meritve koncentracij DNA in razmerij A260/280 ter A260/230 s spektrofotometrom 
NanoDropTM 
gDNA sample C [ng/µL] A260/280 A260/230 V [µL] m [µg] % DNA left  
CHO 0mM_HpaII_1 180.5 1.87 2.03 25 4.5125 90.25 
CHO 0mM_HpaII_2 146.1 1.86 1.86 25 3.6525 73.05 
CHO 0mM_MspI_1 160.4 1.84 1.94 25 4.01 80.2 
CHO 0mM_MspI_2 155.8 1.87 1.97 25 3.895 77.9 
CHO 0mM_neg_1 140.9 1.87 2.06 25 3.5225 70.45 
CHO 0mM_neg_2 127.5 1.86 2.03 25 3.1875 63.75 
CHO 8mM_HpaII_1 140.9 1.87 2.05 25 3.5225 70.45 
CHO 8mM_HpaII_2 116.9 1.85 1.91 25 2.9225 58.45 
CHO 8mM_MspI_1 126.9 1.84 1.76 25 3.1725 63.45 
CHO 8mM_MspI_2 142.3 1.86 2.13 25 3.5575 71.15 
CHO 8mM_ neg_1 136.7 1.86 2.04 25 3.4175 68.35 
CHO 8mM_neg_2 148.3 1.87 1.91 25 3.7075 74.15 
V is the volume of the NFW with which the DNA was eluted from the column. Calculated are mass of DNA 
after the purification and the percentage of the DNA left in the sample after the purification with the 
Genomic DNA Clean & Concentrator -10 (before the purification, 5 µg of the sample were used for the 
digestion).   
V predstavlja volume NFW (voda brez nukleaz) s katero je bila DNA eluirana s kolone za čiščenje. 
Izračunana je masa DNA po čiščenju in delež DNA pridobljene po čiščenju s kitom Genomic DNA Clean & 
Concentrator -10 (pred čiščenjem je bilo za restrikcijo uporabljene 5 µg DNA). 
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ANNEX J / PRILOGA J 
Measurements of fluorescence of samples for the calibration curve with different DNA 
mass for DAPI DNA dye and fluorescein-12-dUTP for the additional sample with known 
DNA mass (250 ng) 
Meritve fluorescence vzorcev za umeritveno krivuljo z različnimi masami DNA in 
označenimi z barvilom DAPI. Dodani so vzorci s poznano maso DNA (250 ng) 























































From the calibration curve, gDNA mass [ng] of additional samples is calculated (Calculated mass). 
Calculated are average (AVG) values of the triplicates and deviation from the mean is presented with 
standard error (SE). (SD – sample only stained with DAPI fluorescent DNA dye; SDN – sample stained with 
DAPI and added fluorescein-12-dUTP, SN – sample with only added fluorescein-12-dUTP). 
Iz umeritvene krivulje je bila izračunana masa dodatnih vzorcev [ng] (Calculated mass). Izračunano je 
povprečje (AVG) treh ponovitev vzorcev in standardna napaka (SE). (SD – vzorec označen le z barvilom 
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ANNEX K / PRILOGA K 
Measurements of fluorescence of samples stained with fluorescent dye PicoGreenTM 
Meritve fluorescence vzorcev obarvanih s PicoGreenTM fluorescentnim barvilom 
1   
Mass (pUC19) [ng] Fluorescence 480/520 nm AVG/SE 
 Sample 1 Sample 2 Sample 3  
0 7 7 15 9.7/0.00 
100 3027 2680 2937 2881.3/84.89 
150 4914 4095 4782 4930.3/74.08 
200 6314 6297 6088 6233.0/59.33 
250 7199 6557 6852 6859.7/151.49 
300 7637 8003 7727 7779.3/89.90 
M_HpaII 6895 6495 7247 6879.0/177.37 




gDNA digestion (gDNA) [%] Fluorescence 480/520 nm AVG/SE 
 Sample 1 Sample 2 Sample 3  
0 1056 923 793 924.0/62.0 
20 1711 1847 1804 1787.3/32.8 
40 2137 2252 2445 2278.0/73.4 
60 2582 3008 2693 2761.0/104.2 
80 3159 3163 3255 3192.3/25.6 
100 3740 3716 / 3728.0/8.5 
(1) pCU19 samples with different amounts of DNA and additional samples with known DNA mass (200 ng). 
Calculated are average (AVG) values of the triplicates and deviation from the mean is presented with 
standard error (SE). (M_HpaII – methylated gDNA digested with HpaII; NM_MspI – non-methylated gDNA 
digested with MspI), (2) gDNA samples fragmented from 0 % to 100%. Calculated are average (AVG) 
values from triplicates and the deviation from the mean is presented as standard error (SE). 
(1) Vzorci plazmida pUC19 z različnimi masami DNA in dodatna vzorca imata poznano maso DNA (200 
ng). Izračunano je povprečje (AVG) treh ponovitev vzorcev in standardna napaka (SE). (M_HpaII – 
metilirana gDNA in rezana s HpaII; NM_MspI – nemetilirana gDNA in rezana z MspI), (2) Vzorci gDNA 
razrezanih od 0 do 100% Izračunano je povprečje (AVG) treh ponovitev vzorca, odstopanje od povprečja je 
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ANNEX L / PRILOGA L 
Measured absorbance (450 nm) of samples included in the ELISA kit 
Meritve absorbance (450 nm) vzorcev vključenih v ELISA kit 
1   
Methylation. [%] Absorbance 450 nm AVG/SE 
 Sample 1 Sample 2  
0 0.053 0.057 0.055/0.002 
0.1 0.092 0.110 0.101/0.006 
0.2 0.130 0.107 0.118/0.008 
0.5 0.247 0.197 0.222/0.018 
1 0.636 0.568 0.602/0.024 
2 1.520 0.676 1.098/0.298 
5 1.532 1.071 1.301/0.163 
   
2   
Set methylation [%] Absorbance 450 nm AVG/SE Calculated methylation [%] 
 Sample 1 Sample 2   
0 1.575 1.840 1.708/0.093 4.29 
0.1 2.566 2.727 2.647/0.057 5.23 
0.2 2.989 2.790 2.889/0.07 5.47 
0.5 3.427 3.376 3.401/0.018 5.98 
1 3.358 2.198 2.778/0.41 5.36 
2 3.124 3.317 3.221/0.068 5.80 
5 3.105 3.286 3.196/0.064 5.78 
Additional samples     
CHO 0mM 0.168 0.123 0.146/0.016 2.78 
CHO 8mM 0.252 0.154 0.203/0.035 2.73 
Samples were prepared in duplicates and calculated are averages (AVG) and the deviation from the mean is 
calculated as standard error (SE). (1) Samples for the calibration curve of the ELISA kit provided by the 
manufacturer. (NC – negative control; PC – positive control); (2) plasmid pUC19 methylated from 0 % to 5 
% and gDNA isolated from CHO 0mM and CHO 8mM. Methylation was calculated from the calibration 
curve included in the kit.  
Vzorci so bili testirani v dveh ponovitvah (izračunano je povprečje ponovitev (AVG) in standardna napaka 
(SE)). (1) Vzorci umeritvene krivulje so bili vključeni v kit (NC - negativna kontrola; PC – pozitivna 
kontrola); (2) plasmid pCU19 metiliran od 0 do 5% in gDNA izolirana iz celic CHO 8mM in CHO 0mM. 
Nivo metilacije je bil izračunan glede na umeritveno krivuljo vključeno v kit. 
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ANNEX M / PRILOGA M 
Fluorescece mesurements of samples stained with fluorescein-12-dUTP 
Meritve fluorescence vzorcev označenih z barvilom fluorescein-12-dUTP 
Sample Fluorescence 488/525 nm AVG/SE 
siRNA_day4_1 109 
173.3/26.92 siRNA_day4_2 218 
siRNA_day4_3 193 
siRNA-neg_day4_1 149 
150.3/13.68 siRNA-neg_day4_2 180 
siRNA-neg_day4_3 122 
siRNA_day8_1 117 
210/58.89 siRNA_day8_2 161 
siRNA_day8_3 352 
siRNA-neg_day8_1 60 
149.7/36.94 siRNA-neg_day8_2 205 
siRNA-neg_day8_3 184 
siRNA_day12_1 82 
157.3/30.81 siRNA_day12_2 199 
siRNA_day12_3 191 
siRNA-neg_day12_1 100 
117/19.87 siRNA-neg_day12_2 165 
siRNA-neg_day12_3 86 
DAC_day1_1 150 





DAC_day4_1 264 / 
DAC-neg_day4_1 189 / 




CON2_0.49 78 / 
CON2_0.63 103 / 
CON3_0.36 138 / 
CON4_0.67 111 / 
CON4_0.72 110 / 
CON6_0.77 111 / 
Samples were treated with DAC (DAC, controls of the experiments DAC-neg), transfected with DNMTs 
siRNAs (siRNA, control of the experiment siRNA-neg) or were isolated from steady states in continuous 
culture (CON). For samples that were tested in replicates calculated average (AVG) values and standard error 
were calculated (SE). 
DNA je bila izolirana iz vzorcev tretiranih z DAC (DAC, kontrola poizkusa DAC-neg), transficiranih z 
siRNA specifičnimi za DNMT (siRNA, kontrola poizkusa siRNA-neg) ali celic gojenih v stabilnih fazah 
kontinuirnega bioprocesa (CON). Za vzorce testirane v ponovitvah je izračunano povprečje (AVG) in 
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ANNEX N / PRILOGA N 
Concentrations of glutamine in the inlet fresh media 
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ANNEX O / PRILOGA O 
Continuous culture with CHO 8mM cell line (CON2) 
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ANNEX P / PRILOGA P 
Continuous culture with CHO 8mM cell line (CON3) 
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ANNEX Q / PRILOGA Q 
Continuous culture with CHO 0mM cell line (CON4) 
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ANNEX R / PRILOGA R 
Continuous culture with CHO 8mM cell line (CON6) 
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ANNEX S / PRILOGA S 
Continuous culture with CHO 8mM cell line (CON7) 
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